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Part IIntroduction
1

1 Motivations and Background
On the 21st of may 2017, Swiss citizens have accepted the new energy law which schedule
to close all nuclear power plants in Switzerland before 2050.1 The preparation of this new
law was started after the Fukushima disaster in 2011 which rose questions about security of
nuclear energy. This technology has some advantages: as it is produced by the nuclear ﬁssion
of a fuel nucleus, 235U, it is considered CO2 free. Moreover it is able to produce energy in
large scale providing enough energy to satisfy energy demand. However during the ﬁssion of a
nucleus, two daughter nuclei fragments are produced, 141Ba and 92Kr for the ﬁssion of 235U,
that are unstable and hence radioactive. Dealing with theses radioactive wastes as well as a
high amount of energy is challenging to ensure people safety.
In order to shut down the nuclear facilities and hence to replace this energy production, the
Swiss Federal Council proposed, among others proposals, to support economically hydraulic
power stations suffering today of their poor proﬁtability due to the low electricity price. This
proposal is unfortunately only possible in the short term. Indeed, according to the Swiss
Federal Ofﬁce of Energy (SFOE),2 whose data are summarized in ﬁgure 1.1, the contribution of
hydraulic power stations in 2014 amounts already to 56% (39300GWh) of the total electricity
produced already exceeding previsions of 38980GWh/y electricity production for 2050.3 The
part of electricity produced by nuclear power plant, corresponding to 38% of electricity in
2014 (26370GWh), is too high to be totally replaced by hydraulic power.
3
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Figure 1.1 – Swiss energy production in 2014 according to SFOE.2
The second proposal from the Swiss Federal Council is to promote the use of renewable energy.
Not only this option favors environmental protection included in the new energy law goals4
by limiting production of CO2 responsible of global warming, but its impact on the energy
market could be very inﬂuential.
There is still a lot of work to do for environmental preservation. Switzerland has signed
the Paris agreement5 to limit the temperature increase due to greenhouse gas emission,
and implemented since 2012 aCO2 emission regulation but fuel market is still powerful in
Switzerland. As shown by data of SFOE in ﬁgure 1.2, 52% of energy consumed in 2014 was by
burning of fossil fuel. It is still a crucial energy input due to its use in the transportation and
home heating ﬁeld. To reduce our footprint on environment, fossil fuel then needs to also be
replaced.
Figure 1.2 – Swiss energy consumption in 2014 according to SFOE.2
Switzerland produces, in many different ways, 66% of its consumed energy. As seen in ﬁgure
1.1 Switzerland uses different types of opportunity to produce energy either by hydraulic
energy, thermal energy, burning of wood and industrial waste. On the other hand, part of
energy produced from renewable technologies amounts to only 6% ∗. Although this market
∗taking into account electricity and heat production
4
is expanding, for example the energy produced by photovoltaic technology shows a drastic
increase since 2007 as seen in ﬁgure 1.3, its contribution is for the moment very negligible. If
promoted, this technology has a greater improvement margin and could have a big inﬂuence.
Figure 1.3 – Swiss electricity production by photovoltaic panels per year
according to SFOE.2
As said, energy already needs to be bought to satisfy energy consumption. Switzerland buys
fossil fuel to convert it to fuel oil, nuclear combustible, electricity or gas from France which
produces mainly from nuclear energy, and Germany, producing from coal. To follow new
energy law which aims at protecting humans, animals and natural resources, Switzerland
needs to be energetically independent. This way, nuclear and coal technology are hindered
even outside of Swiss territory and therefore limit their effects. Indeed natural disaster, nuclear
accident or global warming are not conﬁned by borders.
Overall, Switzerland will need to ﬁnd an environmentally benign and safe technology to
produce locally its total energy consumption.
Figure 1.4 – Swiss and world energy consumption per year according to
SFOE2 and BP.6
The rise of ecological awareness and the political support for the preservation of the en-
5
Chapter 1. Motivations and Background
vironment and energetic efﬁciency4 in Switzerland results in a stabilization of energetic
consumption since the 2000s, see red data in ﬁgure 1.4.
On the contrary, the total quantity of energy used in the world per year, blue data in ﬁgure
1.4 in a different scale, is still expanding and is expected to rise from 13900Mtoe† in 2012 to
20500Mtoe in 2040.7 This prevision, done by the U.S. Energy Information Administration,
took into account different effects such as demographic increase and industrialization of
developping countries. Compared to Switzerland, the main concern of these countries will be
to ﬁnd a technology that could supply their large demand rather than ecological concern.
In a publication called “A fundamental look at energy reserves for the planet” Perez and
Perez8 evaluate that only solar and wind energy could produce enough energy to satisfy world
energy demand, representing 16TWh, with a total of 23000TWh per year provided by sun
and 25−70TWh per year provided by wind. Coal, uranium, petroleum and natural gas could
potentially supply enough energy but only on short term as they are not renewable. Hence
the technology which has a the greatest potential to provide large amount of energy either to
replace existing ones or to produce more energy is the conversion of solar energy.
1.1 Photovoltaic (PV) Technology
Many ways exist to convert solar energy into usable energy like electricity, heat or fuel. Among
them Photovoltaic (PV) technology is well-known, commercially well developed. In this
section, basics of PV mechanism will be described. Notions explained here will be used in the
following work.
A semiconducting material is used to absorb light and convert it to electricity.9,10 A semi-
conductor is deﬁned a band structure in which possible energies of an electron within the
solid are described by a range (bands) of energy in electronvolt scale (ev). Depending on
the solid atomic composition, some of these bands are ﬁlled, i.e. an electron has this energy,
and some of them are empty, i.e. there is no electrons with this energy. For comparison,
these energies can also be related to an electrochemical potential, see chapter 3 page 33 with
equation where ENHE is the potential versus the Normal Hydrogen Electrode (NHE) in (V),
|Evac| is the absolute value of the energy versus the vacuum energy in (eV).
ENHE = |Evac |−4.5 (a.1)
A semiconductor has a valence band energy, EVB: the energy of the last ﬁlled band, and a
conduction band energy, ECB: the energy of the ﬁrst vacant band. Both are separated by a
deﬁned energy called the band gap, Eg, in which no electrons of this energy can exist. The
Fermi level of the semiconductor EF, or electrochemical potential for electrons, is the energy
at which there is 50% of chance to ﬁnd an electron.
†Mtoe beeing Million Tonnes of Oil Equivalent corresponding to 1.16×10−2 GWh.
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Figure 1.5 – Semiconductor energetics at 0K for a) an intrinsic, b) an n-type
and c) a p-type semiconductor.
Semiconductors can carry two types of charges: electrons (n carriers) or holes (p carriers).
The presence of an electron in the conduction band, or with ECB energy, or a hole in the
valence band, or with EVB energy, are necessary to conduct electricity. As seen in ﬁgure 1.5
a) for an intrinsic semiconductor at 0K, electrons represented by a full circle are all located
in the valence band and holes, represented by empty circle are in the conduction band. At
room temperature, an electron can be thermally excited to the conduction band. Hence the
probability to ﬁnd an electron, EF, is located in the middle of the valence and conduction
band.
A semiconductor will be extrinsic if doped with an electron rich (n-type doping, called an
n-type semiconductor) or an electron deﬁcient (p-type doping, called a p-type semiconductor)
materials.
In an n-type semiconductor, EF is moved close to ECB because extra electrons can only go in
the conduction band, ﬁgure 1.5 b). The probability to ﬁnd an electron (its majority carriers) in
the conduction band is high and it will be able to conduct electricity by electron movement.
In a p-type semiconductor, EF is moved close to EVB because extra holes can only go in
the valence band, ﬁgure 1.5 c). The probability to ﬁnd a hole (its majority carriers) in the
valence band is high and it will conduct electricity by hole movement. Therefore doping of
semiconductor results then in an enhanced conductivity.
A PV cell is made by contacting an n-type and a p-type semiconductors together, see ﬁgure
1.6 a). At their interface, a non rectifying junction will be formed due to the rearrangement
of charges in the semiconductors. Indeed, as the n-type semiconductor is full of electrons
and the p-type semiconductor is full of holes, their Fermi level will equilibrate by charge
movement. The n-type semiconductor will move its electrons from its surface to the p-type
semiconductor, resulting in an overall decrease of EF (and shift of EVB and ECB as well) and
the p-type will ﬁll its holes with electrons from the n-type semiconductor, resulting in an
increase ofEF (and shift ofEVB andECB as well). This will form a positively charged interface
in the n-type side and a negatively charged interface in the p-type side, forming an electric
ﬁeld, as seen in ﬁgure 1.6 b).
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Figure 1.6 – Formation of a n-p junction by contacting an n-type and a p-type
semiconductor. a) before equilibrium, b) after equilibriumwith the formation
of a positively charge region (blue) and negatively charge region (red) and c)
photoexcitation process under illumination.
As electrons can be thermally excited, they can also be photoexcited. In this case, light (or
photon) with equal or higher energy than Eg is absorbed resulting in an electron excitation in
ECB leaving a hole inEVB. Once excited, electrons tends to lose their energy, this can be done
by recombination where an electron will recombine with a hole and losses its energy by light
emission. In this case no current will ﬂow. However as an electric ﬁeld is formed at the n-p
junction, excited electrons and holes are directly separated. For example, a photon absorbed
in the n-type semiconductor will create an electron in its conduction band which will move
away from its positive region, see ﬁgure 1.6 c). At the same time, a hole will be formed in
the valence band and will move across the positive region. By forcing the electrons through
an external circuit, creating an electric current, both will recombine in the other side of the
interface.
Commercial PV panel can be found with a solar-to-electricity efﬁciency around 20%. This efﬁ-
ciency is already sufﬁcient to produce energy for a house, depending on geographical location
and surface of PV coverage. However the main drawback of this technology is its intermittent
behavior since electricity is produced only once the solar panel is under illumination. This
becomes problematic during night or winter when electricity is needed for light or heat while
illumination is low or absent.
In order to face this problem, PV installation are now coupled with a battery. The extra
electricity produced during the day is used to charge a battery which is used once the PV cells
do not produce anymore. This is the case for example for the only self-sufﬁcient house in
Switzerland11 where a total photovoltaic installation of 15 kW is used to produce electricity for
the house and to charge a Lithium battery of 48V. This installation provide enough energy for
the house during all seasons with the use of energy efﬁcient devices.
Up-to-now, batteries (and water heating) are the only commercial installations for the solar
energy storage. Even if they are able to reduce intermittence of electricity production of PV
technology, their storage is still limited in time. Batteries are limited by their charge capacities
and charging/discharging time which reduces usable time. It is then very appropriate for a
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small house which has to face daily variations but it comes more difﬁcult to face seasonal
variations.
1.2 Solar-to-Hydrogen (STH) Technology
Inspired by nature where solar energy is stored as sugar, the storage of solar energy could also
be done through the formation of a chemical bond. During the photosynthesis for example,
a plant create a sugar by the absorption of light with equation a.2. It then uses this sugar as
energy input in the cell. This is called the solar-to-fuel technology were energy is stored as a
chemical bond. This energy can then be recovered by decomposition of the chemical bond.
The fuel, as oil, can be stored, distributed and used upon demand.
6CO2+6H2O →C6H12O6+6O2 (a.2)
One of the best storage chemical candidate is hydrogen as it is a carbon free compound and
hence will not releaseCO2 during decomposition. Moreover the technology to use it is already
available since 1838 with the invention of the fuel cell.
In this technology,H2 reacts withO2 to formH2Owith equation a.3. As the free Gibbs energy
is negative, this reaction is spontaneous. To happen,H2 needs to transfer electrons toO2. By
forcing the electrons through an external circuit, an electric current is formed.
H2+ 1
2
O2⇀↽H2O ΔG
0
r =−237.14k J ·mol−1 (a.3)
To produce hydrogen,12 the reverse reaction a.4 can be used. This reaction is called water
splitting because water is split into molecular hydrogen and oxygen.
H2O⇀↽H2+ 1
2
O2 ΔG
0
r = 237.14k Jmol
−1 ΔH0r = 285.8k Jmol
−1 (a.4)
The reaction is not spontaneous, an energy equivalent to 237.14 kJ ·mol−1 is needed to drive it
at 1 bar and 25 °C corresponding an electrical work given by equation a.5 whereR is the gas
constant: 8.314 J ·mol−1K−1,T the temperature in (K), pH2 the partial pressure of hydrogen in
(Pa), pO2 the partial pressure of oxygen in (Pa) and aH2O the activity of water.
wel =ΔG =ΔG
0(T )+RT ln
(
pH2 ·p1/2O2
aH2O
)
(a.5)
In the theoretical case where purH2O is used andH2 andO2 are produced at 1bar this work
turns out to be ΔG0(T). By using electrical current, the potential needed to split water is
given by equation a.6 where n is the number of exchanged electron during the reaction (2)
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and F the Faradaic constant 96500C ·mol−1.
E(T ) =
ΔG
nF
=
ΔG0
nF
= 1.229V (a.6)
The enthalpy of reaction is 285.8 kJ ·mol−1 at 1 bar and 25 °C describing an endothermic reac-
tion. This means that the potential needed to conduct the reaction isothermally, Eth, is given
by equation a.7 (again for pure water andH2 andO2 at 1bar, n = 2 and F = 96500C ·mol−1):
Eth(T ) =
ΔH
nF
=
ΔH0
nF
= 1.481V (a.7)
Any potential higher thatEth will lead to heat release which could lead to other decomposition
reactions.
In real conditions, water is not pure (aH2O < 1) and H2 and O2 are water saturated which
reduces their partial pressure. In this case the potential that must be applied to drive the
reaction will be reduced
(
pH2 ·p1/2O2
aH2O
< 0
)
.
In an electrolyzer, a device to produce H2 with electrical energy, the reaction is performed
with an electrochemical cell, see chapter 3 page 33. The anode drives the Oxygen Evolution
Reaction (OER) by injection of holes in the electrolyte at potential E0OER, (equation a.8) and
the cathode drives the Hydrogen Evolution Reaction (HER) by injection of electrons in the
electrolyte at potential Hydrogen Evolution Reaction (HER) (equation a.9).
Acidic Alkaline E0
2H2O+4h+⇀↽O2+4H+ 4OH−+4h+⇀↽O2+2H2O E0OER = 1.23VNHE (a.8)
2H++2e−⇀↽H2 2H2O+2e−⇀↽H2+2OH− E0HER = 0.00VHER (a.9)
As mentioned before the overall process needs a potential of 1.23V to overcome the thermody-
namics barriers.
However due to kinetic barriers,13 an overpotential, i.e. extra energy, is necessary. Indeed,
depending on material used in the electrodes, mechanisms of reactions or charge extraction
efﬁciency can be different. This extra energy also depends on number of charge needed,
therefore the overpotential for oxidation reaction is higher than the overpotential for reduction
reaction as the ﬁrst one needs four holes to formO2 and the second one two electrons to form
H2. An overall potential, around 1.8V, is the given by equation a.10 where Etot is the total
potential to apply in (V), E is the theoretical potential (1.23V) in (V), ηox is the overpotential
for the oxidation reaction in (V), ηred is the overpotential for the reduction reaction in (V) and
ηcel l in the overpotential needed to overcome the cell conﬁguration resistance.
Etot = E +ηox +ηred +ηcel l (a.10)
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1.3 Photoelectrochemical (PEC) Technology
Electrolyzers require electrical energy. In our case we want to use solar energy to drive the
water splitting reaction. Two main alternatives are possible:14 the ﬁrst one with photocatalytic
cell where a suspension of semiconductor material is used to produce hydrogen and oxygen
in situ and the second one with Photoelectrochemical (PEC) cells where light absorber are in
the form of electrodes. In this work, we will focus on PEC conﬁguration. The following section
will explain their mechanisms.
In PEC technology,10,13,15 a semiconductor absorbs light and directly converts its energy in a
chemical energy. In this case, the semiconductor is immersed in an electrolyte solution deﬁned
by EF,redox the energy of electrons in the electrolyte, ﬁgure 1.7 a) and d). Once immersed, EF
of the semiconductor will equilibrate with EF,redox of the electrolyte by charge rearrangement.
On the semiconductor side, electrons or holes will move to the electrolyte resulting inEVB and
ECB movement. The interface will either be positively charged, for an n-type semiconductor
ﬁgure 1.7 b), or negatively charged, for a p-type semiconductor ﬁgure 1.7 e), therefore theEVB
and ECB across this part of the semiconductor are not constant. This region, where EVB and
ECB depends on the distance in the semiconductor, is called the space charge layer.
Figure 1.7 – Representation of the Semiconductor-liquid Junction (SCLJ) for
a), b) and c) an n-type and d), e) and f) p-type semiconductors. a) and d)
before equilibrium, b) and e) at equilibrium and c) and f) under illumination.
On the electrolyte side, EF,redox will also move to equilibrate with EF of the semiconductor.
9
This will be realized by moving ions close to the semiconductor forming the so-called double
layer. A ﬁrst layer of ionic species will adsorb on the semiconductor by electron exchange
with the semiconductor. Then to compensate the charge of the ﬁrst layer a second layer
made of solvated ions with opposite charge will approach the ﬁrst layer. The total of both
11
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layers is called the Helmholtz layer. Finally, charges will continue to be compensated in the
solution until the bulk electrolyte where charges are in equilibrium. This second part is called
the diffuse layer, or Gouy layer, and its thickness will depends on ionic concentration in the
electrolyte.
A potential drop is formed across the total interface. ESC in the semiconductor side (the
difference between the energy where bands are ﬂatEfb, i.e. before equilibrium, and the energy
of band at equilibrium),EH andEG in the electrolyte, the potential drop across the Helmholtz
and the diffuse layer respectively. This potential drop (ESC +EH +EG ) forms an electric ﬁeld
in the Semiconductor-liquid Junction (SCLJ) similar to the n-p junction. This is classically
known as a Schottky junction.
Under illumination, ﬁgure 1.7 c) and f), the semiconductor will absorb light with the same
or higher energy than Eg resulting in a excited electron in the conduction band and a hole in
the valence band. A second steady state condition is therefore reached where the equilibrium
is achieved between the electrolyte and the quasi Fermi level of electrons (EF,n) and holes
(EF,p). These two new energy levels are formed due to the new population of electrons and
holes in the semiconductor. These charges will then be separated by the electric ﬁeld at the
SCLJ where they can react with redox species in the electrolyte. For an n-type semiconductor,
holes will be transported to the SCLJ to be transferred to oxidize species in the electrolyte. For
a p-type semiconductor, electrons will be transported to the SCLJ to be transferred to achieve
a reduction reaction.
This transformation of solar energy into a chemical bond can be realized through several
conﬁgurations. The simpler one is the photovoltaic-electrolyzer conﬁguration, ﬁgure 1.8 a),
which uses a Photovoltaic (PV) cell to provide sufﬁcient voltage to use an electrolyzer. Elec-
trolyzer can be separated or integrated in the PV cell as in ﬁgure 1.8 a). Such devices have some
advantages: only three PV cells, of 0.5−0.6VOC, are needed to provide 1.8V and as PV cells are
not directly in contact with the electrolyte where the reaction takes place, stability issues will
only be related to each device stability. One could also note that since light absorption/charge
generation and electrolysis are separated, each of them can be optimized separately. However
it will increases electron transfer steps which implies multiple losses. The price of the overall
system is then limited by the price of each component which gives a production price of
hydrogen around 10US$kg−1. In laboratory scale,16 state-of-the-art PV-electrolyzer device
was made by Licht et al.17 where a monolithic PV made of Al0.15Ga0.85As(pn)Si(pn) and
integrated Pt andRuO2 catalyst produces hydrogen and oxygen with a 18.5% STH efﬁciency
and a stability over 14hours.
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Figure 1.8 – a) the PV-electrlyser, b) the S2 and c) the D4 PEC conﬁguration.
In order to minimize the conﬁguration complexity, and hence the cost, other conﬁgurations
use the SCLJ to separate charges as in the S2, ﬁgure 1.8 b), or D4, ﬁgure 1.8 c) devices proposed
by Bolton, Strickler, and Connolly.18 In the S2 case, a single absorber is used to produce
photogenerated charges with enough energies to drive both reactions. For this, the EVB
should be positive enough to drive the OER and the ECB negative enough to drive the HER.
Up to now onlyTiO2 was found to be able to work in this conﬁguration. However this material
has a large band gap of 3.2 eV corresponding to absorption of light in the Ultraviolet (UV)
region (with energy under 387nm). Light provided by the sun at this energy is less abundant
than visible light which leads to low current density, maximum of 1mA ·cm−2, produced with
TiO2 semiconductor.
18
Instead the D4 or tandem cell approach, in ﬁgure 1.8 c), in which both reactions are separated
at a photoanode and photocathode as in an electrolyzer.19 Hence each component for each
reactions can be optimized with adequate band position management, positive EVB for
photoanode and negative ECB for photocathode. Moreover light harvesting can be enhanced
by placing each electrodes on top of each other. In this case, light not absorbed by the top
semiconductor will be transmitted and absorbed by the second one. Such device could
potentially work at 21.6% Solar-to-Hydrogen (STH) efﬁciency‡ compared to 12.7% STH§ for
S2 conﬁguration15 (41% STH for the D4 and 30% STH for the S2 without loss considerations).
Best device in this conﬁguration16 was made in 1987 by Kainthla, Zelenay, and Bockris20 where
a p-InP(Pt) photocathode and a Mnox/Pt/n-GaAs photoanode were used in a side-by-side
conﬁguration. This device produces hydrogen and oxygen with 8.2% STH efﬁciency and as
‡considering an energy loss of 2 eV and materials with band gap of 1.89 eV and 1.34 eV.
§considering the same energy loss of 2 eV and a material with a band gap of 2.23 eV.
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shown a stability over 10hours with 10% drop in current.
1.3.1 Challenges for Photoelectrochemical (PEC) Technology
Despite these successful demonstrations, it is important to point out that any PEC technology
must compete with the PV-electrolyser. Challenges are now to minimize device cost by using
inexpensive and abundant material as well as cheap/affordable preparation. For that the
"10:10:10" goal was suggested21 to be sufﬁcient with a 10%STHefﬁciency, a lifetime of 10 years
with a price of 10 $ ·kg−1 ofH2. Therefore, any PEC system for converting solar energy into fuel
must ﬁnd a balance between minimizing system complexity, i.e. device cost, and maximizing
device performance, i.e. energy conversion efﬁciency and device longevity.
Metals oxides are believed to drastically reduce prices of D4 cells. Indeed, they are cheap,
stable materials and solution-based processes like sol-gel, spray pyrolysis, or hydrothermal
routes can be easily used, followed by thermal annealing to obtain oxide thin-ﬁlm electrodes
without expensive processing techniques. Among them we can citeTiO2,
22,23 p-typesCu2O
24
andCuFe2O,
25 and n-typesBiVO4,
26 WO3,
27,28 and Fe2O3.
29 While they usually are efﬁcient
absorber, they suffer from poor catalytic efﬁciency leading to high overpotential. For that
low loading of catalyst can be deposited on top of the semiconductor to enhance reaction
efﬁciency. However only a few of them were proved effective in a full device conﬁguration.16
In this work, we demonstrate the feasibility of such tandem cell by using aBiVO4 photoanode
prepared by van de Krol’s group26 and aCu2O photocathode prepared by Grätzel’s group.
24
Results can be found in chapter 4 page 51 where we showed that a full oxide tandem cell
is possible using low cost production techniques. With a catalyst on photoanode surface, a
protecting layer and a catalyst at photocathode surface, we obtained a 0.5% STH efﬁciency
and a stability over the course of minutes.30
Despite the use of state-of-the-art oxides photoelectrodes, efﬁciency and stability of the whole
cell are still far from being competitive. New materials are needed to reach our constraints and
we noticed that a tunable material, i.e. a material in which the energetics can be optimized,
would help to adjust one electrode with the characteristics of the other.
1.3.2 Organic Semiconductors
Another type of material that could be interesting are organic semiconducting materials.31
These carbon based (sp2) materials combine advantages of metal oxides and organic material.
As hybridization state of π-bonds results in different energy levels called Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), similar to
valence band and conduction band, they can also act as a semiconductor. Therefore they can
absorb light (or emit light) in the visible region leading to electrical conductivity but they are
also made by chemical synthesis which offer a broad choice of chemical component to match
desired light interaction, energetics and so on.
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Furthermore solution processing can be used where thin ﬁlms are formed with the use of an
ink containing the material in solution. These solution processing techniques as spin coating,
dip coating or spray coating, described in chapter 5.2 page 69, are less energy demanding and
easier to prepare large area of ﬁlms. In summary, compared to inorganic materials, organic
materials offer easier tunability, synthesis and processing leading to competitive prices and
scalable device fabrication.
Energetics theory of semiconductor, as explained before, can also be applied to organic semi-
conductors. As said, their HOMO and LUMO energy level correspond to the valence band and
conduction band in inorganic material. They can be doped by injection of charges either by
changing their chemical structure, by insertion of an other compound or by electrochemistry.
For organic materials, an n-type is deﬁned as an electron transporting material and a p-type
as a hole transporting material.
Compare to inorganic semiconductor they have a much lower dielectric constant¶ therefore
their charge extraction process is different. The dielectric constant of an inorganic material is
high (r = 11.9 for silicon) which means that there is no Coulombic effect between electrons
and holes in the material. Upon photoexitation, free charges can then be generated. Due to the
low dielectric constant in organic material (around r = 4.4 for P3HT) upon photoexcitation,
electrons and holes are still bound by a Coulombic attraction. This electron-hole pair is called
an exciton. To create an electrical current, excitons needs to be dissociated by an electric ﬁeld
at interfaces like a n-p junction or a SCLJ, which will drive both charges in different directions.
While their promising aspects have motivated intense investigation for economical roll-to-roll
Organic Photovoltaic (OPV) devices, due to their poor stability in aqueous conditions, they
have not been generally pursued as photoelectrodes for direct solar water splitting, except for
HER.32 Encapsulated OPVs have recently been demonstrated in PV-biased photoelectrosyn-
thetic cells for solar water splitting,33–35 but the lack of intrinsic material stability limits their
application in this conﬁguration. Polymeric carbon nitride based materials36 and conjugated
microporous network polymers37 have recently shown promising performance for the direct
solar water reduction, suggesting that conjugated carbon-based materials can be suitable as
photocathodes.
However, the task of identifying suitable π-conjugated materials for the photoanode is more
difﬁcult due to the harsh conditions of PEC water oxidation.38 Organic dyes based on por-
phyrins or Perylene Diimides (PDI) can possess HOMO levels suitable for water oxidation
in certain conditions.39–42 However, solution-processing these materials can be problematic
given their strong tendency to aggregate.43 As certain conjugated polymers can possess similar
energy levels to porphyrin and PDI dyes while also exhibiting superior ﬁlm forming character-
istics and improved intrinsic stability, in this work we hypothesized that they could be viable
candidates for inexpensive solution-processed photoanodes.
¶ability to store electrical energy in an electric ﬁeld. r is the ratio between the absolute permittivity of the
material and the vacuum permittivity 0=8.85×10−12 A · s ·V−1m−1.
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1.4 Summary
In this work, after a presentation of the experimental techniques used for the optical and
physical characterization of our sample, in chapter 2 page 23, and electrochemical characteri-
zation, 3 page 33, we will ﬁrst demonstrated the feasibility of an all oxide PEC tandem cell in
chapter 4 page 51. Driving conclusions for this device will lead us to the presentation of an
organic material, in chapter 5 page 67, which can potentially be used as a photoanode in a
tandem cell. We will then demonstrate, in chapter 6 page 79, it successful use for OER under
illumination. Finally, extended characterization of this material in chapter 7 page 95 will help
to understand the mechanism governing charge transport in our ﬁlms.
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2 Optical and Physical Characterization
Experimental methods used to characterize the optical and physical properties of photoelec-
trodes produced during this work are explained in this chapter. Material and experimental
instruments information are gathered at the end of this chapter, section 2.7 page 28. Experi-
mental conditions will be found directly in their respective chapter.
Part of this chapter have been adapted from:
Pauline Bornoz, Fatwa F. Abdi, S. David Tilley, Bernard Dam, Roel van de Krol, Michael
Grätzel, and Kevin Sivula. “A Bismuth Vanadate-Cuprous Oxide Tandem Cell for Overall
Solar Water Splitting”. The Journal of Physical Chemistry C 118 (2014), pp. 16959–16966. DOI:
10.1021/jp500441h
Pauline Bornoz, Mathieu S. Prévot, Xiaoyun Yu, Néstor Guijarro, and Kevin Sivula. “Direct
Light-Driven Water Oxidation by a Ladder-Type Conjugated Polymer Photoanode”. Journal of
the American Chemical Society 137 (2015), pp. 15338–15341. DOI: 10.1021/jacs.5b05724
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2.1 Absorption of Light
Information about light interaction with a material can be obtained with a Ultraviolet-visible
Light (UV-vis) spectroscopic measurement. Light is formed by photons with different energies
deﬁned by photon energy, hν in electronvolt (eV), or with wavelength, λ in nanometer (nm).
Both are related with equation b.1 where c is the speed of light in vacuum: 3×108 m · s−1, h
the Plank constant: 6.63×10−34 J · s and e the elementary charge: 1.60×10−19 C.
λ =
c ·h
hν ·e (b.1)
For instance, the light produced by the sun and transmitted to the Earth (ﬁltered by earth
atmosphere) corresponds to the AM1.5G spectrum given in ﬁgure 2.1. It shows that the Earth
receives mostly photons with energy between 250nm and 1500nm.
Figure 2.1 – AM1.5G spectrum.
Depending on the energetics of the material, it will interact differently with photons with a
deﬁned energy. After interaction light can be:
absorbed: transformed inside the material to another type of energy;
reﬂected: returned before entering the material (interaction at the surface of the material);
transmitted: returned after interaction with the material.
The latter two effects can be accompanied by diffusion. All interactions are summarized
in ﬁgure 2.2 where: I0 is the incident light, IRd is the diffuse reﬂection, IRS is the specular
reﬂection, IA is the absorbed light, IS is the refracted light and IT is the transmitted light.
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Figure 2.2 – Schematic description of light-mater interaction.
A balance on the doted element gives the general following equation:
I0 = IA + IT + IRs + IRd + IS (b.2)
During a UV-vis measurement, the intensity of a probing light (deﬁned as 100%) and is
compared to the measured light. Depending on the position of the sample and the measured
light, it is possible to obtain either the transmittance,T, in transmission mode :
T =
IT
I0
+ IS
I0
(b.3)
or the reﬂectance,R, in diffuse reﬂectance mode:
R =
IRd
I0
+ IRs
I0
(b.4)
With these two measurements, absorptance,A%, which is the efﬁciency of a material to absorb
light at a given wavelength (in %) can be calculated by equation b.5∗:
A% = I0−T −R (b.5)
Sometimes, absorptance is converted to absorbance (A) with equation b.6 which is a dimen-
sionless number.
A =−log10 (1− A%) (b.6)
Finally, this absorbance can be normalized to the path length of light giving the absorption
coefﬁcient (α, in cm−1). This value represents how far the light can penetrate the material
before being absorbed. α can be calculated with equation b.7 whereA is the absorbance and l
∗with I0=100%
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the material thickness in centimeter (in cm).
α =
ln (10) · A
l
(b.7)
Light interaction with a material can give essential information in the case of semiconductors.
In an ideal case, a semiconductor under illumination should absorb light only with energy
higher than its band gap. The absorption coefﬁcient then should obey the Tauc relation, see
equation b.8 where α is the absorption coefﬁcient, hν is the incident photon energy in (eV),
Eoptg is the optical band gap in (eV) and n is a parameter which takes a value depending on the
nature of the transition†.
(αhν)n ∝
(
hν−Eoptg
)
(b.8)
Therefore it is possible to determine energetics of a semiconductor from its absorption prop-
erties. A semiconductor with an optical band gap of 1.8 eV will absorb photons with energies
higher than 1.8 eV, or lower than 689nm.
2.2 FilmMorphology
The morphology, i.e. the ﬁlm structure, is deﬁned by the preparation method, the material
itself and the substrate (or underlayer) morphology. For instance, solubilized polymer tends
to produce very smooth ﬁlm, while small particles in suspension will create ﬁlms of high
roughness.
The easiest way to analyze morphology is by microscopy techniques. Depending on length
scale of morphological features, different types of microscopy are used such as: optical mi-
croscopy (from centimeter scale to micrometer scale) or electron microscopy (from microme-
ter scale to nanometer scale).
Both rely on interaction of a probe, visible light for an optical microscope or an electron beam
for an electron microscope, on a sample. In the case of optical microscopy, the visible light
will either be transmitted though the sample or blocked. The remaining light is magniﬁed by
lenses and can be detected visually. In the case of an electron microscope, the electron beam
will excite the sample which will reemit some electrons which can be collected to form the
picture.
The Scanning Electron Microscopy (SEM) will scan the sample with an electron beam and de-
tects the secondary electrons produced at each position to form the picture. In a Transmission
Electron Microscopy (TEM) transmitted electrons are collected to form the picture.
†n = 2 for a direct transition, or n = 1/2 for an indirect transition
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2.3 Raman Spectroscopy
Raman spectroscopy is a technique which determines vibrational and rotational modes of a
sample. As said, once absorbed, light transmits its energy to the material. It can be used to
excite an electron from the valence band to the conduction band but also excite an electron
from a vibrational or rotational state to another. The difference between the energy of an
incident laser, used to probe the material, and the diffused light from the sample, i.e. after
interaction, will correspond to the unique vibrational and rotational modes of the material.
During a Raman spectroscopy measurement, a monochromatic laser is used to probe the
material. If it can excite the material, part of its energy will be transmitted resulting in a laser
with shifted energy. This shift, δw in (cm−1), can be measured by comparison between the
energy of the probe, λ0 in nanometer (cm), and energy of the resulting light, λ1 in nanometer
(cm), with equation b.9.
δw =
1
λ0
− 1
λ1
(b.9)
2.4 Contact Angle
Information about liquid interaction with a material can be obtained with a contact angle
measurement. Depending on chemical entities present at the surface of the material, it can be
hydrophilic, i.e. with high afﬁnity with water, or hydrophobic, i.e. with low afﬁnity with water.
To quantify this afﬁnity, which can interfere on crucial events occurring at the SCLJ, the
wettability of the semiconductor by water is measured.
Figure 2.3 – Contact angle between a) a hydrophobic surface and water and
b) a hydrophilic surface and water.
During a contact angle measurement, a drop of liquid, water in our case, is deposited at the
sample surface. A thermodynamic equilibrium is reached between the gas-liquid, liquid-solid
and solid-gas interface. Each of them are controlled by an interfacial energy, in the form of
a force parallel to the surface. The shape of the drop will be deﬁned by the position of the
solid-liquid-gas interface on which the total force is given by equation b.10 where γSG , γLS ,
γGL are the interfacial energy at the solid-gas, liquid-solid and gas-liquid interface respectively
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and ϑ the contact angle between the γLS and γGL forces.
γSG −γLS −γGLcosϑ = 0 (b.10)
A contact angle between 45 ◦ and 90 ◦ will represent an hydrophobic surface (ﬁgure 2.3 a))
while a contact angle between 0 ◦ and 45 ◦ will represent an hydrophilic surface (ﬁgure 2.3 b)).
Contact angle can simply be determined from a picture of the drop. By mathematical ﬁtting of
the drop shape, the angle can be determined.
2.5 Gas Chromatography
Gas chromatography was used to detect the presence and quantify the amount of evolved gas
during the PEC measurement. In a gas chromatograph, a mobile phase is used to carry the
gaseous compound to analyze through a stationary phase contained in a column. The reten-
tion time, the time for the component to go through the column, depends on the interactions
between the compound and the stationary phase. A compound that has a high interaction
with the stationary phase will have a long retention time. Hence it is possible to separate
chemical from a mixture. At the end of the column, a detector will detect the presence or
absence of a compound. AsH2 andO2 are our main compounds to detect, a plasma emission
detector is used.
2.6 Photoluminescence Spectroscopy
During a photoluminescence spectroscopy experiment, the photoluminescence of a chemical
compound, or a material, is detected. Absorption of a photon results in excitation of an
electron. This one can lose its energy during recombination by emission of another photon.
Energy of the absorbed and emitted photons are dependent on the compound energetic and
are therefore unique.
This technique can be used to quantify recombination in a material or in our case to detect a
chemical compound.
2.7 Experimental instruments
2.7.1 Materials
For the preparations of thin ﬁlms as explained in chapter 5 page 67, the following materials
were used as received:
• Poly(benzimidazobenzophenanthroline) (BBL) used for this work was supplied by
Sigma-Aldrich, and was reported to have an intrinsic viscosity, [η] = 0.58 ±0.04dL ·g−1
28
2.7. Experimental instruments
(using Huggins relation), in concentrated sulfuric acid at 25 °C;
• Methanesulfonic Acid (MSA) (Sigma-Aldrich, ≥ 99.5%);
• Igepal® co-520 (Sigma-Aldrich, 99+%, ACS reagent);
• HNO3 (VWR, Normapur, AnalaR, 65%);
• NH3 (VWR, Normapur, AnalaR, 25%);
• H2O2 (Reactolab SA, Pharma, 30%);
• NiSO4 ·6H2O (Sigma-Aldrich, 99.99+%);
• Co(NO3)2 ·6H2O (Strem Chemicals INC, 99%).
Employed substrate were either:
• Fluorine-doped tin oxide coated ﬂoat glass substrates (FTO, Solaronix), washed by
acetone, ethanol and treated with a nitrogen plasma in a Harrick plasma cleaner before
use;
• 4.95MHz At-cut Au-plated crystal (0.785 cm2 contact area, Q-sense, QSX 301), cleaned
in a solution containing 5:1:1H2O/NH3/H2O2 at 75 °C during 5minutes, washed with
Milli-Q water, dried under Argon ﬂow and ﬁnally cleaned by Ozone plasma.
For their optical and physical characterization, the following materials were used as received:
• Coumarin (Merck, for synthesis, ≥ 99%);
• Umbelliferone (Acros organics, 99%);
2.7.2 Instruments
To prepare the ﬁlms, a WS-650MZ-23NPP (Laurell) spin-coater and a ZR-4200 (Qualtech
Products Industry) dip coater were used.
Total reﬂectance and transmittance spectrum of BBL sprayed ﬁlms were measured under
illumination from the substrate side with a Shimadzu UV-3600 UV-vis-NIR spectrophotometer
(Shimadzu Co.) using an integrating sphere.
Optical microscopic images were obtained with a Nikon H550L.
SEM pictures were taken with a high resolution Zeiss Merlin XLF-30 microscope.
Raman spectra were recorded using a LabRam Hr Raman spectrometer (Jobin Yvon Horiba)
with 532nm laser.
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Photoluminescence spectra were measured with a Perkin Elmer LS50B Luminescence spec-
trometer.
Contact angle measurement were measured with a Krüss DSA 100 Drop shape analyser.
A gas chromatograph Clarus 480 (Perkin Elmer) equipped with a molecular sieve (of 5 A˚) col-
umn at 50 °C was used for oxygen detection with a plasma emission detector (PlasmaDeteck).
Illumination was performed under simulated solar illumination (1 sun, 100mW ·cm−2) pro-
duced by a 450W Muller Electronik Xenon-arc lamp (Müller-Electronik) using appropriate
ﬁlters and calibrated using a Si photodiode. Lamp spectrum was recorded with an OceanOp-
tics USB2000+XR1 ES spectrometer with a Spectralon cosine corrector. The illuminated area
was 0.283 cm2 for back window.
2.7.3 Calibration of Solar Simulator
Light was calibrated using the following procedure.
Figure 2.4 – AM 1.5 spectrum (red) and Xenon arc lamp spectrum (blue).
The AM1.5 spectrum was ﬁrst integrated between 300nm and 700nm‡ to obtain the photon
density: ΦAM1.5 in (s
−1 ·cm−2) which is the total amount of photon that should be provided
by the lamp to have a 1 sun illumination (100mW ·cm−2). Then the lamp spectrum was also
integrated between the same boundaries to obtain the photon density of the lamp: ΦXe lamp in
(s−1 ·cm−2) . These two calculated values should be equal therefore the factor between them,
m, is calculated using equation b.11 and ﬁnally the calibrated lamp spectrum, ΦXe lamp cal in
(s−1 ·cm−2) is determined with equation b.12.
m =
ΦAM 1.5
ΦXe lamp
(b.11)
‡700nm being the band gap of our material
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ΦXe lamp cal = m ·ΦXe lamp (b.12)
These two spectrums are compared in ﬁgure 2.4. Each of them gives the same photon density
(same integrated value).
In order to measure the photon density of the lamp, a Silicon photodiode was used. The
electron density, or current density, measured by the diode is given by equation b.13 were
IPCE(λ) is the the number of electrons extracted by the diode per photon of a given wave-
length, see ﬁgure 2.5, ΦXe lamp cal is the calibrated Xe lamp spectrum calculated previously
and e the elementary charge. The cell was ﬁnally positioned where the diode measure the
calculated current.
J =
∫700
300
(
IPCE(λ) ·ΦXe lamp cal (λ) ·e
)
dλ (b.13)
Figure 2.5 – IPCE (yellow) and current density (green) of diode with calibrated
lamp spectrum (blue).
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3 Electrochemical Characterization
Experimental methods applied to characterize the electrochemical properties of photoelec-
trodes produced during this work are detailed in this chapter. Material and experimental
instruments information are gathered at the end of this chapter, section 3.6 page 45. Experi-
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3.1 Electrochemical Reactions
During an electrochemical experiment,3,4 the following reaction occurs:
Ox+n ·e−⇀↽Red (c.1)
where Ox and Red are chemical compounds∗ and e− is a free electron.
Therefore, through the exchange of electrons, a compound can either be reduced by a gain of
electron(s) or oxidized by a release of electron(s). This exchange reaction of electrons happens
at an interface where an electrode (a solid phase) and an electrolyte (a liquid phase) are in
contact.
In the case of non-spontaneous reaction, it can only happen if energy is provided to the
system, either to drive an electron into the electrolyte for the reduction reaction to occur
or to drive an electron into the electrode for the oxidation reaction to occur. This amount
of energy is deﬁned as the reduction potential EOx/Red or oxidation potential ERed/Ox, it is
unique for each Ox/Red couple and is given in Volt (V). It is then possible to force a reaction
by providing this energy and measure its occurrence by the detection of electrons movement
or the detection of concentration change of chemical species.
Figure 3.1 – Schematic representation of an electrochemical cell.
The goal is then to move these charges through a closed electrical circuit composed of a
minimum of two electrodes and an electrolyte. This conﬁguration is called an electrochemical
∗Ox is an oxidized species and Red a reduced one
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cell, see ﬁgure 3.1, where the ﬂow of charges, i.e. electrical current, is directed by:
1. charge transport: movement of electrons through the circuit and electrode until the
interface;
2. charge extraction (or charge transfer) following equation c.1;
3. charge transport inside the electrolyte with movement of chemical species;
4. charge extraction (insertion) at the second interface.
In order to have a closed circuit, they are necessarily two reactions happening, called the two
half-reactions. One will be the reduction at the cathode and the other one will be the oxidation
at the anode. However, we usually want to study only one reaction. The trick is then to ﬁx one
half reaction by using a speciﬁc electrode where a known and stable reaction is happening. In
this case, this electrode is called the counter electrode and the one under study is the working
electrode. As charges are moving, the reaction at the counter electrode (CE) should not change
and all variations can be attributed to the working electrode (WE).
Figure 3.2 – Schematic representation of a) a two-electrodes cell conﬁgura-
tion and b) a three-electrodes cell conﬁguration where WE is the working
electrode, RE the reference electrode and CE the counter electrode.
This simple two-electrode conﬁguration as described above is usually not used because,
as current ﬂows at the counter electrode, its material will vary which will affect its potential.
Therefore the system is no longer stable. Instead, a three-electrode conﬁguration is used where
the current ﬂows between the working and the counter electrode (CE) and their potential is
measured with respect to a reference electrode (RE), see ﬁgure 3.2. In this case the counter
electrode is chosen so that the current won’t be limited by this side of the cell. We usually
use platinum where the HER (when testing an oxidation reaction at the working electrode)
can happen easily. For the same reason, care should be taken that its contact area with the
electrolyte should be bigger than the contact area of the working electrode, by using a twisted
wire or a mesh.
The ﬂow of electrons is deﬁned as the current I, i.e. the number of electrons per unit of time
given in Ampere (A). Sometimes to normalize the value, the ﬂux of electrons is given as the
current density, J i.e. the number of electron per unit of time and surface in (A ·cm−2). The
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potential E is deﬁned as the energy needed to drive charges between the two electrodes given
in Volt (V). It is only possible to apply a potential with respect to an other bound (between two
electrodes) therefore potential is a lighter way to refer to "difference of potential" (ΔE).
The potential is therefore reported versus a standardized reference electrode. The more
common ones, and used is this work, are the Normal Hydrogen Electrode (NHE), where
potential of the hydrogen evolution reaction in a 1N acid solution is ﬁxed at 0V (equivalent to
the theoretical Standard Hydrogen Electrode (SHE)†) and the Reversible Hydrogen Electrode
(RHE), where the potential of hydrogen evolution is also ﬁxed at 0V but the scale changes with
the pH of electrolyte, see equation c.2 where ERe,RHE is the potential of the RHE reference.
ERe,RHE = 0.000−0.059 ·pH (c.2)
These are theoretical references electrodes, in practice we use an Ag/AgCl (KCl sat.) reference
electrode which potential is calibrated with E0
Ag/AgCl (KCl sat.)
(or E0ref in the general case).
The potential is then reported with respect to the RHE or NHE potential, and can be calculated
with the equations c.3 and c.4 where ERHE is the potential with respect to (versus) the RHE
reference, Eref is the potential measured versus the used reference electrode and ENHE is the
potential with respect to (versus) the NHE reference.
ERHE = Ere f +E0re f +0.059 ·pH (c.3)
ENHE = Ere f +E0re f (c.4)
In some cases a pseudo reference electrode can be used. Compared to a real reference
electrode, this one will lack of thermodynamic equilibrium. For instance the Ag/AgCl (KCl sat.)
reference electrode is made of a silver wire coated with a silver chloride layer in contact with a
saturated KCl solution isolated from the electrolyte. In this case the reactions happening at
the reference electrode are the following:
Ag++e−⇀↽ Ag (s) (c.5)
AgCl (s)⇀↽ Ag++Cl− (c.6)
In the overall reaction deﬁned by c.7, all chemical compounds are in sufﬁcient amount so that
a true equilibrium is reached, i.e. there is no change is their concentration.
AgCl (s)+e−⇀↽ Ag (s)+Cl− (c.7)
However, in a pseudo reference electrode like a silver wire alone, only reaction c.5 will be
possible. Silver cation will leak from the wire and diffuse into the electrolyte. This instability of
cation concentration will force the reaction towardAgCl production and no equilibrium will
be reached.
†in which H+ ions are assumed to have no interactions with each others
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The last critical point in an electrochemical cell is the electrolyte. It needs to be conducting
enough to not be limiting. For that we use ions in large concentrations. Depending on the
reaction under study, they can be inert, not reacting in the potential range under study, or
reacting. We will call a hole scavenger an ion that can be oxidized easily. Electrolyte pH can
also inﬂuence the potential of reactions, it can be adjusted using acids or bases or ﬁxed using
a buffer.
3.2 Potentiostatic Methods
In this type of measurement, the potentiostat will control the potential between the counter
and the working electrode so that the potential between the working and the reference elec-
trodes corresponds to the desired value.
For an n-type semiconductor in the dark, four conditions may occur:
• At equilibrium, represented in ﬁgure 3.3, no potential is applied between the working
electrode (the semiconductor) and the counter electrode.
An equilibrium is reached between the Fermi level of the semiconductor, the energy of
electrons in the electrolyte and the Fermi level of the counter electrode. A space charge
is formed in the semiconductor at its interface with the electrolyte. Due to this dynamic
equilibrium, no net current is measured between the working and counter electrodes;
Figure 3.3 – n-type semiconductor at equilibrium and its corresponding
position (green circle) in the current-potential curve.
• if a negative bias is applied to the working electrode, the energy of electrons is raised,
raising the Fermi level of the semiconductor and ﬁlling its conduction band with elec-
trons.
Until the ﬂat-band condition, corresponding to an applied potential of Efb, represented
ﬁgure 3.4, no net current is ﬂowing as the energetic barriers of the space charge layer
blocks the electrons inside the semiconductor;
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Figure 3.4 – n-type semiconductor under ﬂat-band condition and its corre-
sponding position (green circle) in the current-potential curve.
• if a negative bias higher than Efb is applied, then energetics in the space charge region
are favorable for electrons to ﬂow to the electrolyte. This is called the accumulation
region as electrons are accumulated at the semiconductor surface.
If an electrochemical reaction can happen in the electrolyte then this will result in a net
reduction current, represented in ﬁgure 3.5;
Figure 3.5 – n-type semiconductor under negative bias and its corresponding
position (green circle) in the current-potential curve.
• if a positive bias is applied to the working electrode, the energy of electrons in the
semiconductor is lowered, lowering the Fermi level and emptying the valence band.
Due to the space charge region, energetics are not favorable for electrons to ﬂow from
the electrolyte to the semiconductor. However, a very high positive bias will results in
a very thin space charge region and electrons from the electrolyte could move to the
semiconductor through tunneling. Thiswill result in a net oxidation current, represented
ﬁgure 3.6.
Figure 3.6 – n-type semiconductor under positive bias and its corresponding
position (green circle) in the current-potential curve.
38
3.2. Potentiostatic Methods
In a non-ideal case where no electrochemical reaction is possible in the electrolyte, ﬁlling or
emptying the working electrode with electrons could lead to its oxidation or reduction. This
effect will also lead to an oxidation or reduction current.
Performance of a photoanode or photocathode for PEC water splitting are determined by vari-
ation of the potential and measurement of the resulting current. The results are compared for
the photoelectrode in the dark, as explained above, or under illumination, process explained
in part 1.3. Their characteristics are deﬁned by:
Dark current: the current extracted from the working electrode without illumination and
under applied potential.
Photocurrent: the current extracted from the working electrode while illuminated and under
applied potential. For a photoanode, the difference between the photocurrent and the
dark current at 1.23VRHE is deﬁned as the effective current produced under illumination
for OER. Assuming a constant, non-zero, Faradaic efﬁciency, the higher the photocurrent
is, the more oxygen will be produced.
Onset of photocurrent: the potential at which the working electrode starts producing a pho-
tocurrent. The onset of photocurrent depends on the energetics of the semiconductor,
i.e. position of the valence band, and its catalytic performance.
Transient current: the response in time of the photocurrent while light is turned on or off.
Depending on information needed, different type of potentiostatic-based methods can be
used. Potential can be:
• set as constant for a deﬁned period of time. It is called the Chronoamperometry (CA)
and is used to determine the stability of the dark current/photocurrent, their amplitude
or transient behavior;
Figure 3.7 – Chronoamperometry (CA) experiment with a) the potential input
and b) the current output in dark and under illumination.
• varied as a linear function of time. It is called the Linear Sweep Voltammetry (LSV)
and is used to determine rapidly the position of onset of photocurrent as well as its
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amplitude as function of potential. Results of an LSV are referred in the text as a Current
density-Voltage (J-V) curve;
Figure 3.8 – Linear SweepVoltammetry (LSV) experimentwith a) the potential
input and b) the current output in dark (blue) and under illumination (red).
• cycled as a linear function of time between two potentials. It is called the Cyclic Voltam-
metry (CV) and is used to determine the potential of different reactions occurring at the
electrode surface.
Figure 3.9 – Cyclic Voltammetry (CV) experiment with a) the potential input
and b) the current output.
To directly compare the properties of the electrode in the dark and under illumination, an
intermittent illumination can be used.
3.3 Frequency Basedmethod
In the case of potentiostatic methods, the measured output is given by the sum of events
happening in the electrochemical cell. Even if these events are completely independent and
hence can occur at different time scale, there is no possibility to decouple their effects and to
study them separately.
In frequency based method, the applied input is frequency-dependent therefore it will be
possible to probe different events depending on their time scale. During an Electrochemical
Impedance Spectroscopy (EIS)3,5 experiment, a sinusoidal potential perturbation in the form
of equation c.8 is applied to the system where |E| is the amplitude of the potential in (V), ω
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the frequency in (s) and t the time in (s). The response of the system will be in the form of a
sinusoidal current as equation c.9 where |I| is the amplitude of current in (A) and φ the phase
shift in (s). The phase shift is deﬁned as the delay between the input and output.
ΔE = |E | sin (ωt ) (c.8)
ΔI = |I | sin (ωt −φ) (c.9)
Figure 3.10 shows both waves in a phasor diagram where they can be considered either as a
rotating vector with the same angular frequency (ω)(left) or a sinusoidal wave (right). The
wave (or measured quantity) correspond to the projection of the rotating vector on the y axis.
Figure 3.10 – Phasor diagram of potential and current waves during an EIS
measurement with the potential wave (blue) and the current wave (red).
Before introducing impedance, we need to deﬁne some complex number nomenclature. In a
complex plan, the y axis is called the imaginary part (Im) and the x axis the real part (Re). In
this plan a vector is deﬁned as in equation c.10 with R’ the projection on the Re axis and R” the
projection on Im axis, giving equation c.11. A vector is deﬁned by its length, the modulus |R|,
and its angle, the argument ϕ.
−→
R = Re(R)+ i · Im(R) = R ′ + i ·R ′′ (c.10)
−→
R = |R|cos(ϕ)+ i |R| sin(ϕ) (c.11)
Complex number, or vector, can also be written using Euler’s relation:
−→
R = |R|cos(ϕ)+ i |R| sin(ϕ) = |R|ei ·ϕ (c.12)
Therefore our potential and current vectors can be reformulated as the following equations:
−→
E = |E |cos(ωt )+ i |E | sin(ωt ) = |E | [cos(ωt )+ i · sin(ωt )] (c.13)
−→
I = |I |cos(ωt −φ)+ i |I | sin(ωt −φ) = |I |[cos(ωt −φ)+ i · sin(ωt −φ)] (c.14)
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To simplify the notation, we will use Euler’s notation:
−→
E = |E |ei ·ωt (c.15)
−→
I = |I |ei ·ωt−φ (c.16)
The impedance is deﬁned as the effective resistance which from Ohm’s law can be written as
equation c.17 withR the resistance in (Ω), E the potential in (V) and I the current in (A). To
get the impedance we then need to express the ratio of our
−→
E and
−→
I vectors given by equation
c.18.
R =
E
I
(c.17)
−→
Z =
−→
E
−→
I
=
|E |
|I |
ei ·ωt
ei ·ωt−φ
=
|E |
|I | e
i ·φ (c.18)
This impedance
−→
Z is a new vector which has a modulus of |E ||I | and an argument of φwhich are
two measurable values.
This resulting vector can be plotted in the Nyquist plot where Re(Z) and -Im(Z) are the x and z
axis respectively or the Bode plot where |Z | and φ are directly plotted as a function of ω.
In order to discuss results of EIS, it is helpful to have in mind these two simple cases:
If the system behaves like a pure resistance, where the current is only limited by a low conduc-
tivity, from Ohm’s low the current will be the
−→
E vector divided by R a resistance, see equation
c.19. The current will then be proportional and in phase (φ = 0) with the potential.
−→
I =
−→
E
R
(c.19)
−→
Z =
−→
E
−→
I
=
−→
E ·R
−→
E
= R (c.20)
The resulting impedance will be a constant, equation c.20, only deﬁned with a real part and
independent of ω and therefore will appear as a point in the Re(Z) axis in the Nyquist plot.
If the system behaves like a pure capacitance, where the current is stored inside the system, its
charge q in Coulomb (C) is deﬁned with equation c.21 whereC is the capacitance in Farad (F).
Knowing that the current is derivative of the charge with respect to time, the current can be
rewritten as equation c.22.
q =C ·E (c.21)
−→
I =
d(C ·−→E )
dt
=C |E | de
i ·ωt
d t
=C |E | i ·ωei ·ωt (c.22)
The resulting impedance, equation c.23, will be a purely imaginary number and dependent on
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the frequency. In a Nyquist plot it will appear as a line on the -Im(Z) axis. We can also say that
a pure capacitance has a delay of π/2 with the potential.
−→
Z =
−→
E
−→
I
=
|E | tei ·ωt
C · i ·ω |E |ei ·ωt =
1
C · i ·ω (c.23)
The goal of impedance is then assimilate the chemical system to a comparable electrical
system by testing various frequencies. For each frequency, a point will be obtained in Nyquist
and Bode plot and results are given by the frequency evolution of this point on the graph.
The idea is then to ﬁnd a combination of equivalent electrical element, like resistance and
capacitance, that will describe the data. This combination is called an equivalent circuit. For
example, EIS results of a system which contains a resistance in series with a capacitance, see
ﬁgure 3.11 can be ﬁtted with equivalent circuit as in inset of ﬁgure 3.11.
Figure 3.11 – Example of an equivalent circuit (inset) and its corresponding
EIS results.
The difﬁculty is then to ﬁnd the appropriate equivalent circuit that will correspond physically
to the system and ﬁt the data. If it is the case then it is possible to attribute an equivalent
electrical element to each event in the system.
Electrochemical Impedance Spectroscopy (EIS) is usually used to determine the ﬂat-band
potential,Efb, and the majority carrier density,Na, with a Mott-Schottky (M-S) analysis. In this
case, the capacitance of the space charge layer,CSC, is determined as a function of the applied
potential, E. Using the Mott-Schottky (M-S) equation c.24 with 0 the vacuum permittivity, r
the material dielectric constant, e the elementary charge and ESC the potential drop across
the space charge region, the ﬂat-band potential can be calculated.
1
C2SC
=
2
0r Nae
Esc =
2
0r Nae
(
E −E f b
)
(c.24)
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3.4 Quartz Crystal Microbalance (QCM)
Quartz Crystal Microbalance (QCM) is a technique to measure very small mass variation. It is
based on the piezoelectric effect of a quartz sensor which can transform a mechanical stress
into an electrical response and vice versa.
Figure 3.12 – Schematic description of QCM technique for a) an unloaded
sensor, b) a loaded sensor with a rigid layer and c) a loaded sensor with a
damping layer.
In this technique, a sensor is put under resonance. Any mechanical stress, a change of mass
for example, will result in a shift in the resonance frequency, see ﬁgure 3.12 a) and b). Hence it
can be used to detect adsorption or desorption of a chemical compound on the sensor. By
monitoring this shift in frequency, the change of mass can be calculated with the Sauerbrey
equation, equation c.25, withΔm the mass change in (g), Sg the geometrical surface in (cm
2),
Δf the frequency change in (Hz), ρq the density of quartz 2.648 g ·cm−3, μq the shear modulus
of quartz 2.947×1011 g ·cm−1 · s−2, f0 the resonant frequency 4.95Hz, o the overtone.
Δm
Sg
=−Δ f

ρqμq
2 ·o · f 20
(c.25)
This equation is only valid for rigid material. In the case of an elastic material, such as a
polymer ﬁlm see ﬁgure 3.12 c), the frequency of the system will be slowed down resulting in a
damping of the resonance frequency. Recent instruments now measure the frequency shift
as well as the width of the frequency peak, i.e. its damping. A viscoelastic modeling is then
necessary to correlate both change with the change of mass.
QCM can be coupled with an electrochemical experiment where the working electrode is the
quartz sensor. In this case it is possible to monitor the change of mass during the electrochem-
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ical reaction.
3.5 Incident Photon-to-current Efﬁciency (IPCE)
Efﬁciency of a photoanode/photocathode can also be deﬁned by its Incident Photon-to-
current Efﬁciency (IPCE). Due to recombination of charges in the semiconductor, an absorbed
photon does not necessary leads to a photocurrent. The IPCE quantiﬁes the light-to-current
conversion by correlating the incident light and the extracted photocurrent. It is deﬁned by
equation c.26 where Ne(λ) is the number of extracted electrons, Nph(λ) is the number of
incident photon, Jph(λ) the photocurrent in (A ·m−2), hν the photon energy in (J), I0(λ) the
incident light ﬂux in (W ·m−2) and e the elementary charge.
IPCE(λ) =
Ne(λ)
Nph(λ)
=
Jph(λ) ·hν
I0(λ) ·e
(c.26)
During an IPCE experiment, monochromatic light is used to illuminate the photoelectrode,
with or without applied bias, and the corresponding current is measured. IPCE spectrum is
obtained by variation of the light wavelength. Integration of this spectrum should correspond
to the measured photocurrent under white light illumination.
3.6 Experimental instruments
3.6.1 Materials
The following materials were used as received:
• KH2PO4 (Acros Organics, monobasic, 99+%, ACS reagent);
• K2HPO4 (Sigma-Aldrich, reagent plus TM, ≥ 99.0%);
• NaOH (Reactolab SA, pur pastilles);
• Na2SO4 (Reactolab SA, 96%, tech.);
• Co(NO3)2 (Alfa Aesar, puratronic, 99.999%);
• Na2SO3 (Sigma-Aldrich, anhydrous,≥ 98%);
• NaClO4 (ABCR, anhydrous,98%);
• NaTPB (Sigma-Aldrich, ACS reagent, ≥ 99.5%);
• HClO4 (VWR International SA, 70−72%);
• KClO4 (Sigma-Aldrich, ACS reagent, +99%);
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• LiClO4 (ABCR, anhydrous (ACS),95%);
• TBACl (Acros Organics, tech., 95%);
• TBAOH (Sigma-Aldrich, 20wt.% inH2O);
• TBAClO4 (TCI, ≥ 98.0%).
• Acetonitrile (Macron ﬁne chemical, ChromPR HPLC) was dried with molecular sieves
(Sigma-Aldrich, 4 A˚, 8-12 mesh).
Electrolytes used are listed in the two following tables.
Name Concentration Compound Solvent pH adjusted with
Buffered
0.5M Na2SO4
Milli-Q water 2-10 NaOH orH2SO40.09M KH2PO4
0.01M K2HPO4
Hole scavenger 0.5M Na2SO3 Milli-Q water 7 -
Table C.1 – Electrolyte used for typical PEC measurement.
Name Concentration Compound Solvent pH adjusted with
Co-Pi
0.5mM Co(NO3)2
Milli-Q water 7 NaOH0.1M KH2PO4
0.1M K2HPO4
Table C.2 – Electrolyte used for cobalt catalyst deposition.
Name Concentration Compound Solvent pH adjusted with
Reference 0.1M NaClO4 Milli-Q water 7.4 NaOH
Concentrated 1M NaClO4 Milli-Q water 7.4 NaOH
Acidic 1M NaClO4 Milli-Q water 2.9 HClO4
Alkaline 1M NaClO4 Milli-Q water 12 NaOH
Big anion 0.1M NaTPB Milli-Q water 8.6 -
Different cation
0.1M HClO4 Milli-Q water 0 -
0.1M KClO4 Milli-Q water 8.3 -
0.1M LiClO4 Milli-Q water 7.6 -
Big cation 0.1M TBACl Milli-Q water 8.6 TBAOH
Acetonitrile 0.1M NaClO4 acetonitrile - -
Big cation acetonitrile 0.1M TBAClO4 acetonitrile - -
Table C.3 – Electrolyte used for EQCM and EIS analysis.
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3.6.2 Instruments
In a typical electrochemical measurement, a three electrodes conﬁguration was used in a
"cappuccino cell"6 (contact area of 0.283 cm2 for the back window) consisting of a BBL coated
working electrode, a platinum wire as counter electrode and a reference electrode.
Different reference (or pseudo reference) electrodes were used depending on the electrolyte
or setup. They were:
• an Ag/AgCl (KCl sat.) (E0
Ag/AgCl KCl sat.
= 0.197V);
• an Ag/AgCl (KCl 3M) (E0
Ag/AgCl KCl 3M
= 0.200V), for aqueous measurement in EQCM;
• a platinum wire (calibrated at E0Pt= 0.4568V), for measurement in NaTPB;
• a silver wire (calibrated at E0Ag= 0.4369V), for OECT measurement.
The platinum and silver wire were calibrated with CV of BBL working electrode as seen in
section 3.2. All potentials reported in the results were converted to the RHE reference scale
using equation c.3 page 36 or to the NHE reference scale using equation c.4 page 36.
A SP-200 or a SP-300 potentiostat/galvanostat (Biologic Technologies) was used for the poten-
tiostatic and frequency based methods.
A Keithley model 2000 multimeter (Keithley) was used to record the current in a two-electrode
conﬁguration without applying any external potential bias.
EQCM was controlled by a Gamry Interface 1000 and a Q-sense Analyzer. Frequency change
was converted to mass change using the 3rd overtone and the Sauerbrey equation, equation
c.25 page 44. Validation of the Sauerbrey equation was done by viscoelastic modeling with
QTools software showing an average difference of 15% compared to the results calculated
with the Sauerbrey equation.7
For IPCE measurements a monochromatic illumination was provided by a 75W Xe Tunable
PowerArc Illuminator (Optical Building Blocks) and the number of photons at each wave-
length was measured with a photodiode power sensor (S120VC, Thorlabs). For some IPCE
measurements a white light bias (a constant illumination of the sample with broad spectrum
visible light) with an intensity of about 0.1 sun was applied using a 450W Xenon-arc lamp
ﬁltered by KG-1 glass. This while light was illuminating the sample during the sweep of the
monochromatic illumination to increase the number of photogenerated carrier production
(as the illumination intensity of the monochromatic illumination is typically quite low) and
achieve conditions closer to solar operating conditions.
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4 A Bismuth Vanadate-Cuprous Oxide
Tandem Cell for Overall Solar Water
Splitting
In this chapter the feasibility of aBiVO4/Cu2O photoanode/photocathode tandem cell for
overall unassisted solar water splitting is evaluated.
For that aBiVO4 photoanode was provided by van de Krol’s group[1] and aCu2O photocath-
ode was provided by Grätzel’s group[2]. We conducted all characterization presented in this
chapter, except theCu2O .
This chapter has been adapted from:
Pauline Bornoz, Fatwa F. Abdi, S. David Tilley, Bernard Dam, Roel van de Krol, Michael
Grätzel, and Kevin Sivula. “A Bismuth Vanadate-Cuprous Oxide Tandem Cell for Overall
Solar Water Splitting”. The Journal of Physical Chemistry C 118 (2014), pp. 16959–16966. DOI:
10.1021/jp500441h
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4.1 Motivation
Despite the recent development of new materials for PEC, there are only a few examples of an
all-oxide photoanode-photocathode tandem cell because of the difﬁculty in developing an
inexpensive photocathode with high stability for the water reduction reaction and a suitable
band gap for operation in a tandem cell.4,5 Recently, Grätzel and co-workers have signiﬁ-
cantly enhanced the performance of electrodeposited cuprous oxide (Cu2O) photocathodes
by improving their stability6,7 and optimizing the water reduction catalysis.2 This leading
photocathode performance gives promise to the inexpensive, photoanode/photocathode
tandem cell. However,Cu2Owith its band gap energy, Eg, of about 2.0 eV is not suitable for
high STH conversion efﬁciency with principal photoanode materials like Fe2O3 that have a
similar Eg (2.1 eV for hematite).
The recent development of high-performance spray-deposited bismuth vanadate (monoclinic
scheeliteBiVO4, Eg = 2.4−2.5 eV)1,8 gives potential to an all-oxide photoanode/ photocath-
ode water splitting tandem cell with an STH conversion efﬁciency of up to 8% based on the
band gaps and accounting for reasonable losses.4 However, to the best of our knowledge,
this promising combination has not yet been investigated in a tandem cell for overall water
splitting.
4.2 Energetic and Optical Characterization
A ﬁrst criteria for optimal operation as a tandem cell for overall water splitting is for theBiVO4
photoanode and theCu2O photocathode to be energetically matched for Z-scheme
9 water
splitting.
For that a cuprous oxide photocathode was prepared as previously described2 with atomic
layer deposition protecting overlayers of aluminum-doped zinc oxide and titanium oxide. For
the water reduction catalyst, a galvanostatic photodeposition of ruthenium oxide was used.
The ﬁnal structure of the photocathode was FTO/Au/Cu2O/Al:ZnO/TiO2/RuOx. Bismuth
vanadate photoanodes were also prepared using a tungsten gradient doping as previously
described.1 These W:BiVO4 ﬁlms on FTO were made at three different thickness (200 , 100 ,
and 50nm).
The expected tandem cell electron energetics of an ideal BiVO4/Cu2O-based device are
shown simpliﬁed in ﬁgure 4.1 based on the reported ﬂat-band potentials and band gap
energies. These reported values indicate that the equilibrated Fermi energy of the majority
charge carriers (electrons in the n-type BiVO4 and holes in the p-type Cu2O) should lie
between the HER and OER potentials and sufﬁcient photopotential can be generated to
overcome the required 1.23 eV plus electrochemical overpotentials.
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Figure 4.1 – Simpliﬁed electron energy diagram of a bismuth vanadate
photoanode-cuprous oxide photocathode tandem cell for overall water split-
ting. The cell is shown in the "wired" conﬁguration under illumination with
approximated positions of the Fermi energy, EF, and the minority carrier
quasi Fermi energies (EhF and E
e
F for holes and electrons, respectively) at the
SCLJ. Band-gap energies (Eg1 and Eg2) and energy levels were adapted from
Tilley et al.2 and Hong et al..10
Next, it is important to verify that the two electrodes are suitably spectrally matched for solar
photocurrent density. Because the two electrodes are "wired" together, the operating current
density will be limited by the photoelectrode producing the least photocurrent. Because
BiVO4 possesses the larger band gap energy (2.5 eV), it is the clear choice for the top cell.
Exposed directly to AM 1.5G illumination, this electrode can potentially absorb all solar
photons, hν, with wavelength λ up to 500nm. Assuming a unity Incident Photon-to-current
Efﬁciency (IPCE), this corresponds to a maximum solar photocurrent density of 6.3mA ·cm−2.
Assuming further that all photons not absorbed by theBiVO4 are incident on theCu2O (no
reﬂection and scattering losses), the photocathode would absorb all photons with wavelength
between 500 and 620nm, given its band gap energy of 2.0 eV. This corresponds to a maximum
solar photocurrent density of 8.2mA ·cm−2 assuming unity IPCE.
While this analysis indicates only an upper-bound photocurrent density, it suggests that the
BiVO4/Cu2O combination is reasonably well-matched for tandem cell operation. If the
two electrodes used the same active areas (the most practical case for a tandem cell), the
BiVO4 photoanode would just slightly limit the solar photocurrent in the ideal case with
no photon losses, and a maximum water splitting photocurrent of 6.3mA ·cm−2 would be
possible corresponding to an overall STH conversion efﬁciency of 7.8%.
Obviously, in a real tandem cell we expect the top electrode to exhibit considerable opti-
cal losses because of reﬂection and scattering, and we expect lower than maximum solar
photocurrent densities because of less than unity IPCEs in both photoelectrodes. To better
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understand these losses we ﬁrst examine the optical properties of the BiVO4 top cell as a
function of the thickness of the active layer.
Reﬂectance and transmittance spectra of the three different photoanodes were measured
from back side illumination. Absorbance spectra were then calculated and Tauc plots, were
constructed for a direct optical transition as explained in section 2.1 page 24. Formeasurement,
electrodes were wet with a drop of water and a piece of fused quartz glass was put on top
to simulate the actual device interface structure. Absorbtance and transmittance curves for
BiVO4 electrodes on FTO glass are shown in ﬁgure 4.2 for 50 , 100 , and 200nm thick ﬁlms.
Figure 4.2 – Absorbtance (solid lines, left axis) and transmittance (dashed
lines, right axis) spectra for the different thicknesses of spray-deposited
BiVO4 photoanodes. Note the inversion of the absorbtance axis for the
better comparison to the transmittance. The inset shows the respective Tauc
plot of the absorption spectra constructed for direct band gap transitions.
The curves typically show a low absorbtance (high transmittance) at wavelengths longer than
500nm and an onset of absorbtance around the band gap. A direct transition Tauc plot of the
absorbance data (ﬁgure 4.2, inset) gives optical band gap energies between 2.5 and 2.6 eV.
While the thickest ﬁlm (200nm) showed anEoptg close to the reported literature values, thinner
ﬁlms showed slightly higher Eoptg .
This suggests that the best spectrally matched tandem cell would be constructed with the
thickest electrode. However, we note that a signiﬁcant decrease in transmission of sub-band
gap photons is observed with increasing sample thickness. While the origin of the sub-
band gap absorbtance is partly attributed to the FTO glass, it also arises from an increase
in scattering. Indeed, the difference between the absorbtance and transmittance, which
represents light lost to specular and diffuse reﬂection, is around 10 −20% for each electrode
and increases with increasing active layer thickness for wavelengths longer thanEoptg because
of an increased particle size.
Despite the non-ideal transmittance of theBiVO4 electrodes at sub-band gap wavelengths,
altering the active layer thickness provides a method to compensate by allowing a portion of
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the supra-band gap photons to transmit. While the 200nmBiVO4 shows a very low transmit-
tance at wavelengths lower than λ = 450nm, the 100 and 50nmBiVO4 show a 20% and 55%
transmittance at λ = 450nm, respectively. These signiﬁcant changes in optical properties of
theBiVO4 will clearly affect the photocurrent produced by theCu2O photocathode.
We next sought to estimate the effect of theBiVO4 transmittance on the expected magnitude
of photocurrent produced by theCu2O photocathode in tandem with photoanodes of various
thicknesses. The IPCE of theCu2O photocathode
2 was factored together with the measured
BiVO4 transmittance (ﬁgure 4.2) and the standard solar spectrum (AM 1.5G 100mW ·cm−2).11
The resulting curves can be integrated to give the ﬁnal predicted photocurrent using the
method previously described.12 The results of this analysis are shown in ﬁgure 4.3.
Figure 4.3 – IPCE of Cu2O photocathode (red circles, left axis)
2 at 0VRHE
shown in comparison to the standard AM1.5G photon ﬂux (black, right axis).
The expected electron ﬂux produced by the photocathode in tandem with the
BiVO4 photoanodes of different thicknesses is shown as the shaded areas
(see main text for explanation).
The IPCE of the Cu2O electrode is consistent with a band gap of 2.0 eV given the onset at
610nm. The shape of the Cu2O IPCE has been discussed before.
2 However, generally in
the visible region between 420 and 470nm, the IPCE values are in excess of 60%. The IPCE
values decrease toward the ultraviolet region because of unproductive absorption by theTiO2
overlayer. The origin of the steep drop in the IPCE at 480nm correlates well with an abrupt
change in theCu2O absorption coefﬁcient
13 and suggests that optimizing light harvesting is a
route for improvement.
The integration of the IPCE values with the solar AM 1.5G spectrum yields 5.0mA ·cm−2 and
accords with the actual photocurrent measured under simulated solar illumination.2
However, the photocurrent produced in the tandem conﬁguration is expected to be signif-
icantly less given that even the thinnest BiVO4 electrode transmits less than 75% of the
photons at the Cu2O IPCE maximum. Indeed, our estimation gives photocurrents of 3.14 ,
1.93 , and 1.22mA ·cm−2 for theCu2Owhen ﬁltered by the 50 , 100 , and 200nmBiVO4 pho-
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toanode, respectively.
Interestingly, given the high transmittance of the 50nm BiVO4 photoanode, our analysis
predicts that about half of theCu2O photocurrent will arise from photons with energy greater
than the Eoptg ofBiVO4 in this case. In contrast, photocurrent from theCu2Owhen ﬁltered
by the 200nm BiVO4 stems only from photons with wavelength greater than 450nm. The
relatively low IPCE for theCu2O in this region and the poor transmission of the thickBiVO4
electrodes due to scattering and reﬂection results in an expected photocurrent much lower
than the predicted maximum 8.2mA ·cm−2 based on band gap alone.
However, given the maximum observed OER solar photocurrent from optimized BiVO4
photoanodes of about 3.0mA ·cm−2 at 1.0VRHE,1 the photoanode and photocathode are po-
tentially well current-matched, despite the transmission losses through theBiVO4 and the
nonideal IPCE of the Cu2O, provided that 3.0mA ·cm−2 can be obtained with the 50nm
BiVO4 photoanode. This upper-bound solar photocurrent density, which accounts for ob-
served optical losses and considers actual known electrode performance, would correspond
to a revised upper-bound STH conversion efﬁciency of ca. 4% for the tandem cell.
4.3 Separate Current density-Voltage (J-V) Characterization
Next we examine the individual (3-electrode) Current density-Voltage (J-V) curves of the
respective photoelectrodes in the tandem cell position to better estimate the expected tandem
cell operating point.12
Tandem cells were constructed in an adapted "cappuccino cell"14 with the photoanode as
the ﬁrst electrode in a substrate-side (or "back side") illumination and the photocathode as
the second electrode (front side illumination). Separate potentiostatic J-V curves of both
electrodes in this conﬁguration were carried out in the buffered electrolyte in table C.1 page
46 at pH 6 using the three-electrode conﬁguration described in section 3.6.2 page 47. The
electrolyte solution was purged with argon. A potential scan rate of 10mV · s−1 was used for
the potentiostatic current-potential measurements. All potentials reported in the results were
converted to the RHE reference scale using equation c.3 page 36. Illumination was performed
under 1 sun (100mW ·cm−2) simulated solar light. The illuminated area was 0.283 cm2.
The J-V curves for the BiVO4 photoanodes under simulated solar (back side) illumination
in pH 6 buffered electrolyte are shown in ﬁgure 4.4 as the dashed lines. Consistent with
previous reports, the photocurrent onset is signiﬁcantly anodic of the ﬂat-band potential (ca.
+0.1−0.2VRHE)15 because of slow water oxidation kinetics on the bare oxide.8
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Figure 4.4 – J-V curves for the BiVO4 photoanodes with (solid lines) and
without (dashed lines) photodeposited cobalt catalyst under simulated solar
illumination (100mW ·cm−2). The |J|-V curves for Cu2O photocathode as
measured in the tandem cell position (simulated solar illumination ﬁltered
by theBiVO4 photoanode) are shown as dotted lines in the corresponding
color.
Reduction of the overpotential is typically achieved by the deposition of a cobalt-based catalyst
(Co-Pi).8,16–18 However, because the cobalt catalyst is known to absorb light without directly
producing photocurrent,18 it poses a problem for the tandem cell that is not present for the
analysis the back-side (preferred) illumination of theBiVO4/Co-Pi photoanode.
To avoid excess light absorption by the Co-Pi catalyst and further ﬁltering of the light reach-
ing the Cu2O photocathode, we employed the photodeposition method
19 to optimize the
amount of catalyst applied using a three-electrode cell with in electrolyte in table C.2 page 46.
The catalyst was deposited potentiostatically with an applied potential of +0.3VAg/AgCl(KClsat.)
under illumination for 4min. The potential was controlled by an Ezstat-basic potentiostat/-
galvanostat (NuVant Systems Inc.). This deposition method is preferred over the standard
electrodeposition as it avoids the production of islands of catalyst that absorb light but do
not enhance the water oxidation.20,21 Our optimized deposition conditions gave greatly en-
hanced J-V performance (ﬁgure 4.4, solid lines) without any notable change in the UV-vis
transmittance (data not shown). All three thicknesses ofBiVO4 showed photocurrent onsets
at +0.3VRHE consistent with previous results.1,19
The magnitude of the photocurrent for the 200nm BiVO4 photoanode was also consistent
with the state of the art at around 3mA ·cm−2 at+1.23VRHE. However, the photocurrent of the
thinnerBiVO4 electrodes was signiﬁcantly lower because of the decreased light absorption.
Indeed, because of the known limitation of majority carrier transport even in dopedBiVO4
electrodes, the thickness is typically kept to a minimum to reduce this loss. Reducing the
thickness from the optimized 200nm and reducing the number of photons absorbed naturally
lowers the produced solar photocurrent.
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We note that the photocurrent observed in ﬁgure 4.4 at +1.0VRHE scales well with the absorp-
tion of theBiVO4 electrodes at ca. 400nm illumination (ﬁgure 4.2). While the 50nmBiVO4
electrode provides sufﬁcient optical transmission for a tandem cell operating at 3.0mA ·cm−2,
the less than 1mA ·cm−2 produced by this electrode will certainly limit the tandem cell op-
erating current. In general, efforts to increase the transparency of the BiVO4 electrodes to
sub-band gap photons are needed to increase the amount of light available for theCu2O.
Further insight into the expected operation of the (2-electrode) tandem cell can be gained
by comparing the J-V curves of both the photoanode and photocathode. The operating
current density is found where the absolute values of the (3-electrode) J-V curves for the
photoanode and the photocathode intersect, provided that each electrode’s J-V curve was
acquired in the same conditions (e.g., electrolyte, illumination).12 To determine this point we
overlaid the absolute value (as the current densities are conventionally opposite in sign for the
photocathode and photoanode) of the J-V curves for theCu2O photocathode taken with light
ﬁltered from theBiVO4 photoanodes of various thicknesses. These |J|-V curves are shown as
dotted lines, cathodic of theBiVO4 J-V traces, in ﬁgure 4.4.
The J-V curves of theCu2O photocathode generally have an onset of photocurrent anodic of
0.5VRHE as previously shown.2 Interestingly, the onset of the water-reducing photocurrent
did not signiﬁcantly change with the changing illumination conditions, indicating that the
photocurrent was not limited by the free energy of the photogenerated carriers at these
illumination intensities.
In addition, we note that the value of photocurrents at 0VRHE of 2.61 , 1.83 , and 1.29mA ·cm−2
when ﬁltered by the 50 , 10 , and 200nm thick BiVO4 ﬁlms, respectively, closely matches
the integrated photocurrent density given in ﬁgure 4.3. The larger discrepancy observed for
theCu2O photocurrent when ﬁltered by the 50nmBiVO4 (3.14 versus 2.61mA ·cm−2, 16%
difference) is most likely due to the proportionally fewer UV photons produced by the solar
simulator used for this work.
Overall, comparison of theCu2O J-V curves to theBiVO4 indicates that the 100nmBiVO4
ﬁlm best spectrally matches the tandem cell as both electrodes produce roughly 2mA ·cm−2
photocurrent at high anodic or cathodic applied potentials.
Examination of the intersection points of the photoanode and photocathode J-V curve gives
operating point photocurrent densities of 0.20 , 0.55 , and 0.71mA ·cm−2 for the 50 , 100 , and
200nm thickBiVO4 ﬁlms, respectively (representing 0.25 , 0.68 , and 0.87% STH conversion
efﬁciency, respectively). Remarkably, we note that the operating voltages of +0.45−0.55VRHE
are close to the equilibrium Fermi energy of +0.4VRHE predicted merely from the ﬂatband
potentials and band-edge energies shown in ﬁgure 4.1.
Given the similar onset behavior of theCu2O J-V curve regardless of theBiVO4 electrode used,
the predicted tandem cell current density is determined more strongly by the photocurrent
density of theBiVO4 close to the onset potential (+0.3VRHE) than by that of theCu2O. How-
58
4.4. TandemCell Characterization
ever, we note that the operating point in each case lies much lower than the value predicted
by the maximum photocurrent delivered by theBiVO4 or theCu2O. This is clearly due to the
gradual onset of the photocurrent from both electrodes.
Further insight can be gained into the losses and potential routes for improvement by compar-
ing the observed photocurrent onset voltages for both theCu2O (+0.55VRHE) and theBiVO4
(+0.3VRHE) to their reported ﬂat band potentials (+0.8VRHE and +0.1VRHE, respectively).7,15
Here, it is clear that the operating point in all cases could be improved with a decrease in
required overpotential for either electrode. In both cases about 200mV is lost because of
overpotential leading to an overall loss of close to 0.5V. Eliminating this overpotential without
altering the onset slopes of the photocurrent would result in an operating point current
density of 1.2mA ·cm−2 for the 100nm BiVO4 tandem cell. However, accomplishing this is
problematic for theCu2O (as the band bending and photovoltage of the layered photocathode
system are determined by the buried junction of Cu2O and the protecting overlayer). Any
further increase in the photocurrent requires improvement of the onset slope (ﬁll factor).
4.4 TandemCell Characterization
Despite the large loss of potential current density resulting from the nonideal onset behavior of
both electrodes, the nonzero operating points imply that a two-electrode tandem cell should
be capable of unassisted solar water splitting.
To examine this possibility, we directly connected the photoanode and photocathode (without
a potentiostat or reference electrode) in the same cell and electrolyte andmeasured the current
though the external circuit with a multimeter as a function of time with and without the Co-Pi
catalysts applied to the BiVO4 photoanode. The results of these two-electrode transient
experiments are shown in ﬁgure 4.5.
In all cases the BiVO4/Cu2O tandem cell exhibited a transient current spike upon turning
on the simulated solar illumination because of capacitive charging effects.22 Without the
Co-Pi catalyst this spike decayed in a few seconds to a steady-state photocurrent in the 10 s
of microamp range as predicted by the intersection of the J-V curves in this case. In contrast,
with the Co-Pi catalyst the transient current spike decays in a more complex fashion to a ﬁnally
steady-state photocurrent.
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Figure 4.5 – Two electrodeCu2O/BiVO4 tandem cell transient current den-
sity curves with (solid lines) and without (dashed lines) the cobalt catalyst
applied. Simulated solar illumination (100mW ·cm−2 was activated after 10 s
in the dark. The inset shows an extended transient current density curve
for the tandem cell constructed with the 100nmBiVO4 photoanode under
light-chopping conditions (60 s light on, 60 s light off).
While transient behavior was not reported previously on (photodeposited) Co-Pi onBiVO4
electrodes tested at +1.0VRHE,16 an unsustainable catalytic wave is typically observed near
the onset potential of Co-Pi modiﬁed Fe2O3 and is attributed to a kinetic "bottleneck".
21
After the decay of the catalytic wave the resulting photocurrent densities level off to some
extent but continue to slowly decay. After 100 s of operation 0.192 , 0.274 , and 0.318mA ·cm−2
were observed for the 50 , 100 , and 200nm thick BiVO4/Cu2O tandem cells, respectively,
which are lower than the values predicted by the operating points and correspond to a STH
conversion efﬁciency of less than 0.5%. However, we note that the trend in the photocurrent
magnitude is preserved with the thickest BiVO4 based tandem cell delivering the highest
photocurrent. An extended transient measurement of the 100nm thickBiVO4/Cu2O tandem
cell under light-chopping conditions (ﬁgure 4.5, inset) reveals that after 5000 s a stabilized
photocurrent of ca. 50μA ·cm−2 results. This observation implies that a signiﬁcant loss or
instability exists in the tandem cell.
One potential loss source not considered by the intersecting J-V curve analysis is the develop-
ment of a pH gradient across the electrolyte, which causes an additional voltage loss, EpH.
23
While this loss is important for water splitting in near-neutral pH, the time required to build
up a 0.1V loss due to pH gradient is expected to be on the order of hundreds of hours based on
the photocurrent and the ionic strength of the buffered electrolyte used.24 However, we note
that an uneven current distribution resulting from the rough surfaces of the electrodes used
in this work may cause the rapid buildup of resistance losses due to local pH gradients. The
electrolyte resistance (also not considered in the 3-electrode J-V curve intersection) was also
determined not to be an important loss channel given the characteristics of our testing cell.
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Figure 4.6 – J-V performance of the 100nm BiVO4 photoanode before the
addition of the Co-Pi (bareBiVO4, dashed line), immediately after the opti-
mized photodeposition of the Co-Pi catalyst (solid line), and after the 5000 s
light-chopping stability test of this electrode (dotted line).
However, we found that, upon rerunning the J-V analysis of the Co-Pi modiﬁed BiVO4
photoanodes after use in the tandem cell, the J-V behavior was identical to the precatalyst-
modiﬁed electrode (see ﬁgure 4.6). This complete disappearance of the improvement given by
Co-Pi overlayer is in contrast to multiple reports which show stability of the Co-Pi-modiﬁed
BiVO4 photoanodes over several hours in similar electrolyte conditions (pH 6-8).
1,16,18 How-
ever, we note that in these stability tests the voltage applied to the BiVO4 photoanode was
typically more than +1.0VRHE. It is therefore reasonable to propose that the low operating
voltage of theBiVO4/Cu2O tandem cell (less than +0.5VRHE) results in the dissolution of the
Co-Pi overlayer.
Indeed, literature reports directly support this hypothesis. The poor stability of the Co-Pi layer
is well-known on dark electrodes at low operating voltages as the catalyst "repair" mechanism
(e.g., the oxidation and reposition of liberated Co2+) does not occur at a sufﬁcient rate.24,25
While dark electrolysis experiments have indicated no detectable dissolution of the catalyst at
pH 6 with a water oxidation current density of 1.0mA ·cm−2, lowering the current density is
known to accelerate catalyst dissolution.24 In our case this effect could be accelerated by the
buildup of local pH gradients discussed above.
Our attempts to detect the dissolved Co2+ in solution after tandem cell operation were compli-
cated by the small amount of Co-Pi employed to reduce unproductive light absorption. This
leaves open the possibility that the catalyst is merely deactivated but remains on the surface
of the BiVO4 electrode. However, given the previous report of catalysts dissolution under
low current density operation and the fact that the BiVO4 returns to its precatalyst activity
after operation in the tandem cell (as opposed to being completely deactivated) suggests the
former mechanism is occurring.
61
Chapter 4. TandemCell for Overall Solar Water Splitting
Regardless of the mechanism, the dissolution or deactivation of the Co-Pi layer could be ame-
liorated somewhat by increasing the pH of the electrolyte; however, theCu2O photocathode is
known to give the best (most anodic) onset of photocurrent at pH 5 or less.7 The trade-off be-
tween low pH (better suited for the photocathode onset potential) and high pH (better suited
for Co-Pi catalyst stability) presents a fundamental challenge to the realization of a stable
Co-Pi catalyzedBiVO4/Cu2O tandem cell. Future work applying alternative water oxidation
catalysts that exhibit stable operation at low pH will potentially overcome this challenge.26,27
4.5 Conclusions
In this work we have investigated the optical and photoelectrochemial properties of the
BiVO4/Cu2O photoanode/photocathode combination as a tandem cell for overall solar water
splitting. This promising combination suggests maximum solar-to-hydrogen conversion
efﬁciency of 8% based on the known band gap energies and band-edge energy levels.
State-of-the-art Co-Pi catalyzed and tungsten-doped BiVO4 (200nm) prepared by spray
pyrolysis showed less than ideal optical transmission at sub-band wavelengths because of
reﬂection and scattering. However, decreasing the thickness reduced this loss and a current-
matched condition using a 100nmBiVO4 was identiﬁed that limited the conversion efﬁciency
to 4%.
Despite the use of catalysts for water reduction and oxidation, the total remaining overpoten-
tial for photocurrent onset of ca. 0.5V and the low ﬁll-factor of the J-V curves reduced the
maximum expected conversion efﬁciency to under 1%.
Even with these losses we were able to demonstrate, for the ﬁrst time, the successful unassisted
operation of the BiVO4/Cu2O photoanode/photocathode combination as a tandem cell.
Transient photocurrents decayed slowly over the course of minutes because of the dissolution
of the Co-Pi catalyst, which was identiﬁed as a fundamental limitation of theBiVO4/Cu2O
combination because of the electrolyte pH required to accommodate good photocurrent
onset in both electrodes. Overcoming this aspect by employing water oxidation catalysts
with increased stability at low pH, further improving the photocurrent onset behavior of both
electrodes, increasing the IPCE of theCu2O at wavelengths between 500 and 600nm, as well
as reducing scattering by theBiVO4 have all been clearly identiﬁed as routes to improve this
system toward the maximum possible STH conversion efﬁciency.
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5 Solution Processing of Poly-
(benzimidazobenzophenanthroline)
(BBL) Ladder Polymer
In the following three chapter, we will extensively study if a conjugated ladder type polymer,
Poly(benzimidazobenzophenanthroline) (BBL), could be a suitable organic material for solar
water splitting.
This ﬁrst chapter will be devoted to the presentation of the BBL and description of the thin
ﬁlm preparation.
Parts of this chapter have been adapted from:
Pauline Bornoz, Mathieu S. Prévot, Xiaoyun Yu, Néstor Guijarro, and Kevin Sivula. “Direct
Light-Driven Water Oxidation by a Ladder-Type Conjugated Polymer Photoanode”. Journal of
the American Chemical Society 137 (2015), pp. 15338–15341. DOI: 10.1021/jacs.5b05724
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5.1 Poly(benzimidazobenzophenanthroline) (BBL)LadderPolymer
Poly(benzimidazobenzophenanthroline) (BBL) is a polymer composed of a naphthalenic and
a benzenoid units condensed with an n-imino amide unit, see ﬁgure 5.1. This particular
structure forms a highly conjugated planar backbone2,3 speciﬁc of ladder type polymer. Its
synthesis was developed in 1969 by Arnold and Van Deusen4 with a polycondensation between
a tetracarboxilic acid and a tetraaminobenzene, reaction shown in ﬁgure 5.1. Since then it has
shown many good properties which is why it is now commercially available.
Figure 5.1 – Synthesis of Poly(benzimidazobenzophenanthroline) (BBL) poly-
mer by polycondensation with Polyphosphoric Acid (PPA).
Among these properties, BBL is known for exceptional stability.4 It has a high thermal stability
measured by Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC)
where the change ofmass, in the case of TGA, or the heat release/absorption, in the case of DSC
are recorded during the heating of a BBL sample, presented in ﬁgure 5.2. These measurements
shows no phase transition detected until 450 °C∗ and a decomposition reaction starting at
600 °C, i.e. a high temperature for an organic material. It has also a high chemical stability
with a solubility only in strong protonic acid (as concentrated Methanesulfonic Acid (MSA) or
Lewis acids).5 Whereas this strong stability is a big advantage for water splitting application as
it will be in contact with a solution and under strong oxidizing or reducing conditions, this
characteristic will also limit its processability into thin ﬁlms.
Figure 5.2 – Thermal stability of BBL with the thermogram a) and the ther-
mogravimetric analysis.
∗no higher temperatures were tested due to instrumental limitations.
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Some molecular engineering was done to change its molecular structure and increase its
solubility.6 Wagner et al.7demonstrated the successful functionalization with a poly(ethylene
oxide) side chain, making it water soluble which is not in our beneﬁt. However it was shown
that other routes like its precipitation in methanol/chloroform2 or in a water8 solution to form
a dispersion are also possible to avoid solubility problems.
Its band structure was calculate by Hong et al.9 with a band gap of 1.99 eV, the optical band
gap is usually given around 1.8 eV.10 Its HOMO level was measured from CV at 6.0 eV below
Evacuum
†11 which makes it a good candidate for OER.
It has also a high electron mobility up to 0.1 cm2 ·V−1 · s−1.10 For this reason, BBL has been
reported as an electron acceptor in OPV cells,12,13 as a buffer layer for inorganic thin-ﬁlm PV,11
and for n-channel ﬁeld-effect transistors.14,15
These favorable aspects encouraged us to consider BBL for PEC application.
5.2 Photoelectrode Fabrication
As previously explained, BBL is only soluble in MSA; an acidic, non-volatile with high boiling
point (167 °C16) solvent. Due to these characteristics, thin ﬁlm preparation with common
methods such as spin coating becomes difﬁcult because MSA does not evaporate easily. At the
beginning of this work, different methods were tested in order to ﬁnd the most an appropriate
process. They are brieﬂy described in the following paragraph and their results are summarized
in ﬁgure 5.3:
Drop casting: consists of setting a drop of the solution onto the substrate and evaporating
the solvent by heating. In the case of MSA, while it is heated, its viscosity decreases
which decreases the wettability of the solution on the substrate (or increase its surface
tension). Therefore the solution gathers as a drop during the evaporation process.
Quench drying: consists of setting a drop of the solution onto the substrate and evaporating
the solvent under heat and vacuum. Compared to drop casting, the evaporation of MSA
is faster and the drop phenomenon is not observed with concentrated solutions.
Dip coating: consists of dipping the substrate into the solution and withdrawing it at a ﬁxed
rate. The solvent evaporates once the solution forms a thin layer on the substrate during
the withdrawal at the substrate/liquid/air interface. This is not the case with MSA, hence
a precipitation/ﬁxation step is needed.
Spin coating: consists of setting a drop of the solution and spinning the substrate. The ﬁlm
is formed when the solution spreads onto the substrate. In this case, the evaporation
will take place during the spinning. Again, difﬁculties to evaporate MSA will also be
encountered, hence a precipitation/ﬁxation step is also needed.
†1.5VNHE
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Spray coating: consists of spraying a solution on the heated substrate. Compressed air is
used to create small drops of the solution that are targeted at the substrate placed on a
hot plate to evaporate the solvent. This technique cannot be used with MSA due to its
low volatility and toxicity.
Figure 5.3 – Summary of different methods to prepare thin ﬁlm of BBL.
As shown in ﬁgure 5.3, two types of solution were used: a BBL solution in MSA and a dispersion
of BBL precipitates in water. The dispersion technique avoids most pitfalls of MSA (volatility,
wettability, acidity) nevertheless it also shows different drawbacks, namely the complication
of creating a continuous ﬁlm with BBL in its solid phase. A surfactant is also needed to help
the stability of the dispersion and may remain inside the ﬁlm.
In order to compare effects of the processing method on the optoelectronic properties of the
ﬁlm, two of these methods were chosen: the dip-coating and the spray-coating methods. Care
was taken to select and develop a scalable and safe process with low waste of polymer and
low energy and time consumption. The resulting properties of these ﬁlms is the subject of a
publication1 and are summarized in chapter 6 page 79. They were prepared as described in
the next section.
5.2.1 Dip Coating Procedure
Films were prepared as outlined in ﬁgure 5.4: a saturated solution was obtained by dissolution
of BBL in Methanesulfonic Acid (MSA) (at 210 °C). After cooling to 20 °C, Fluorine-doped Tin
Oxide (FTO) was dipped into this solution and withdrawn at a 20mm ·min−1 rate. As the
solvent does not evaporate, the "wet" BBL ﬁlm needs to be precipitated by dipping it into
pure water and further ﬁxed by heat treatment at 150 °C in air. The ﬁlms were then washed by
soaking in ethanol for 1 hour, to remove residual MSA, and annealed again for 1 hour at 250 °C
in air.
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Figure 5.4 – Schematic description of the dip coating procedure with a) dip
coating in a BBL/MSA solution, b) precipitation in water, c) ﬁxation at 150 °C
10min, d) washing in ethanol 1h and e) annealing at 250 °C 1h.
With this technique the thickness of the resulting ﬁlm can be controlled by varying the con-
centration of the BBL solution and the withdrawal rate, however the relatively low solubility of
BBL in MSA (ca. 1mg ·mL−1) limits the range of accessible ﬁlm thickness (between 10 and
50nm).
5.2.2 Spray Coating Procedure
Figure 5.5 – Schematic description of the dispersion preparation with a) wet
spinning of BBL/MSA into 1wt% Igepal® /water, b) washing with fresh water,
c) dispersion in 0.15wt.% Igepal® /water, d) breaking by sonication and
ﬁltration.
A dispersion of BBL was ﬁrst prepared as outlined in ﬁgure 5.5 by adapting the work of Janietz
and Sainova.8 A solution of BBL in MSA is injected (through a ca. 100μm diameter pipette
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oriﬁce) into a 1wt% solution of Igepal® co-520 (a non-ionic surfactant) in water. This "wet
spinning" method gives ﬁbers of BBL of diameter of ca. 10μm, as shown in ﬁgure 5.6 a). The
precipitate was then broken by bath sonication for 1 hour giving an acidic solution of BBL
particles. BBL precipitate was washed several times with water by a centrifugation/dispersion
in fresh water cycle until the supernatant was no longer acidic. The precipitate was ﬁnally
dispersed in a 0.15wt.% solution of Igepal® in water, homogenized by sonication for 1 hour
at maximum power and ﬁltered with a 5μm pore diameter syringe ﬁlter.
The dispersion consists of ca. 500nm long ﬁbers with ca. 20nm diameter, TEM image shown
in ﬁgure 5.6 b), and reaches a ﬁnal concentration of 2mg ·mL−1 (0.15wt.% Igepal® and
0.03wt.% BBL). It is stable for several months at room temperature.
Figure 5.6 – a) optical microscope SEM (inset) morphology of the wet-spun
BBL ﬁber, and b) TEM image of the ﬁnal BBL dispersion.
For ﬁlm deposition, see ﬁgure 5.7, a substrate was placed onto a hot plate at 200 °C under a
homemade external-mix two-ﬂuid spray head. One layer of BBL was prepared by spraying
0.5mL of the prepared BBL dispersion over 30 sec. After spraying, the ﬁlm was immersed in a
nitric acid bath (0.5M) and left under stirring for 1 hour to remove the Igepal®.
Figure 5.7 – Schematic description of the spray deposition procedure with
a) spray deposition of BBL dispersion, b) washing in 0.5MHNO3 1h and c)
annealing at 250 °C 1h.
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The extent of the removal of the Igepal® was difﬁcult to quantify given the relatively small
amount present in the ﬁlm and the large amount of washing solution employed. It is possible
to determine the presence of a molecule with a Matrix-assisted Laser Desorption/Ioniza-
tion Time-of-ﬂight Mass Spectrometer (MALDI-TOF MS) analysis where a laser ionizes the
molecule and detect its fragments with a mass spectrometer. This analysis conﬁrms that the
Igepal® is removed by the washing step, see ﬁgures 5.8 and 5.9, due to its presence in the
washing solution. However, we cannot discount that some of the Igepal® remains in the ﬁlm
after the washing step.
Figure 5.8 – MALDI-TOF MS analysis of a control solution of Igepal® in nitric
acid.
Figure 5.9 – MALDI-TOF MS analysis of washing solution.
Nonetheless, after washing the ﬁlm was the annealed at 250 °C in air for 1 hour. Film thickness
may be increased by interation of the spray/wash/anneal cycle, and reduced by spraying lower
amounts of the dispersion.
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5.2.3 Overlayers Deposition
On selected ﬁlms, a TiO2 overlayer (1nm was deposited by using a previously published
procedure.17
A Nickel-Cobalt catalyst was then deposited by spin-coating a solution of 0.5MNiSO4 ·6H2O
and 0.5MCo(NO3)2 ·6H2O and drying at 250 °C for 10min.
5.3 Optical Characterization
As explained previously, the main advantage of the spray coating method is its easy ﬁlm
thickness variation.
Thickness calibration was hence performed by spraying different amounts of dispersion on a
glass substrate and measuring the resulting thickness by a proﬁlometer, where a tip is used
to measure the difference of height in a sample, results shown in ﬁgure 5.10. All thicknesses
reported afterward were determined by this calibration.
Figure 5.10 – Calibration of the ﬁlm thickness as a function of amount of
dispersion sprayed.
Depending on the thickness of the ﬁlm, or the amount of BBL in the ﬁlm, the performances of
the photoelectrode can be affected due to the different absorption properties. Absorptance
of ﬁlms was then measured as explained in section 2.1 page 24. Calibration of ﬁlm thickness
was ﬁnalized by adding absorptance information as seen in ﬁgure 5.11. In this way, thickness
of a ﬁlm can be determined either from the amount of dispersion used, if known, or from its
absorptance.
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Figure 5.11 – Absorptance of BBL ﬁlms as a function of amount of dispersion
sprayed correlated with ﬁlm thickness calibration.
Absorption coefﬁcient of BBL sprayed ﬁlms made with different amount of dispersion can be
seen in ﬁgure 5.12, matching previously reported values18 with two maxima at 350nm and
560nm. A clear linear correspondence of the absorption coefﬁcient with the thickness of the
ﬁlm can be seen, i.e. for thin ﬁlms, the light needs to travel deeper so that the same amount of
light is absorbed as in a thick ﬁlm.
Figure 5.12 – Absorption coefﬁcient of BBL ﬁlms as a function of amount of
dispersion sprayed.
Tauc plot of (αhν)2 versus hν of a BBL ﬁlm of 48nm was build and exhibits a direct band gap
transition at 1.76 eV‡, close to reported values,10 in ﬁgure 5.13. This result shows that only
light with higher energy than 1.76 eV is absorbed by the ﬁlm. This suggests that absorption of
light from the BBL ﬁlm would provide the sufﬁcient energy for the OER.
‡same value for all thicknesses
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Figure 5.13 – Tauc plot for a sprayed BBL ﬁlm with 10μL dispersion. Intersec-
tion of linear regression of the baseline and linear regression of data increase
gives a band gap value of 1.76 eV.
In order to determine the theoretical photocurrent density, JBBL th in (A ·m−2) that we should
measure from a BBL photoanode, considering unity , equation e.1 was used with ΦXe lamp cal
the photon density of Xenon arc lamp calibrated,A%(λ) the absorptance and e the elementary
charge.
JBBL th =
∫900
300
(
ΦXe lamp cal (λ) · A%(λ) ·e)
)
dλ (e.1)
Absorptance of BBL ﬁlms of different thickness was used and their results are summarized in
ﬁgure 5.14.
Figure 5.14 – Theoretical photocurrent density of BBL ﬁlm as a function of
thickness.
This ﬁgure shows that a maximal photocurrent density close to 20mA ·cm−2 could be expected
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for 476nm thickness BBL ﬁlms.
5.4 Conclusions
We demonstrate that the solubility problems of an organic material can be overcome by using
an adequate processing methods. Still with a solution-based process, thin ﬁlms of BBL were
produced. With the spray coating method, it was possible to prepare ﬁlms with different
thicknesses, necessary for the optimization of the photoelectrodes properties.
An appropriate optical band gap for OER of 1.76 eV was determined from light absorption
properties of these ﬁlms. Due to their broad absorption of light, a photocurrent of 20mA ·cm−2
could be expected for 476nm thick ﬁlm, considering unity Incident Photon-to-current Efﬁ-
ciency (IPCE). This highlights the relative low loading of material necessary to obtain high
absorption of light, advantage of organic material which could potentially decrease their
production price.
However, a lower IPCE is expected due to the possible non-formation of a space-charge layer
at the SCLJ. This would lead to low exciton dissociation and hence high recombination rate.
This effect will be discussed in the next chapter.
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6 Direct Light-Driven Water Oxidation
by a Ladder-Type Conjugated Polymer
Photoanode
Here we present promising performance and stability of the BBL as a photoanode in a direct
Semiconductor-liquid Junction (SCLJ) conﬁguration for solar water oxidation. Films were
prepared as described in chapter 5 page 67.
This chapter has been adapted from:
Pauline Bornoz, Mathieu S. Prévot, Xiaoyun Yu, Néstor Guijarro, and Kevin Sivula. “Direct
Light-Driven Water Oxidation by a Ladder-Type Conjugated Polymer Photoanode”. Journal of
the American Chemical Society 137 (2015), pp. 15338–15341. DOI: 10.1021/jacs.5b05724
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6.1 Morphology
To continue our investigation of BBL as a potential photoanode material, we ﬁrst examined the
effect of the thin-ﬁlm morphology on the extraction of photogenerated charges. Indeed, the
relatively short excited-state transport length expected in BBL2 suggests a high surface area
mesostructured SCLJ would be beneﬁcial to charge extraction similar to a bulk heterojunction
OPV. BBL thin-ﬁlms were prepared via two different deposition techniques, described in
chapter 5 page 67: dip coating from a BBL solution in Methanesulfonic Acid (MSA)3 and spray
deposition of an aqueous BBL nanoﬁber dispersion.4,5
Scanning Electron Microscopy (SEM), ﬁgure 6.1, reveals considerable morphological differ-
ences with respect to the deposition technique. While both ﬁlms display a homogeneous
coverage of the FTO, the dip-coated ﬁlm (ﬁgure 6.1 a) and d)) shows a relatively smooth surface
with feature size similar to the underlying FTO (100− 500nm). In contrast, the spray-coated
ﬁlm (ﬁgure 6.1 b) and e)) exhibits feature size as small as 20nm and a higher roughness due to
the interconnecting network formed from the nanoﬁber dispersion.
Figure 6.1 – SEM top view of a) and d) an optimized dip-coated and b) and e)
spray coated ﬁlms with c) optical images of both electrodes.
6.2 Linear Sweep Voltammetry (LSV) in Sacriﬁcial Electrolyte
To determine the effect of the morphology on the PEC performance we prepared ﬁlms using
both deposition methods to have similar light absorption (ﬁgure 6.13). The two similarly
absorbing ﬁlms were next examined by Linear Sweep Voltammetry (LSV) in a three-electrode
PEC cell using a buffered aqueous electrolyte (pH 7) and a hole scavenger (SO2−3 ), see table C.1
page 46, under intermittent simulated solar illumination (100mW ·cm−2). The oxidation of
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SO2−3 is thermodynamically and kinetically more facile than the oxidation of water.
6 As such,
measuring photocurrent for SO2−3 oxidation enables the investigation of the PEC properties
of BBL with minimum kinetic limitations.
The LSV data are presented in ﬁgure 6.2 with respect to the Reversible Hydrogen Electrode
(RHE). Both BBL electrodes show an anodic photocurrent upon illumination (n-type behavior)
and reproducibility through the scanned potential range.
Figure 6.2 – J-V curve of a thin sprayed ﬁlm (blue line) and a dip-coated ﬁlm
(red line) in sacriﬁcial electrolyte (0.5MNa2SO3, pH 7) under chopped light
substrate-side illumination (scan rate 10mA · s−1).
Moreover, the LSV behavior offers insight into charge transport and transfer. The dip-coated
ﬁlm exhibits transient spikes when illuminated in the photocurrent onset range (from +0.7 to
1.0VRHE), suggesting a limitation of charge transfer to the SO
2−
3 (accumulation of holes at the
SCLJ). In contrast, only small spikes are seen in the spray-coated ﬁlm, and the photocurrent
density in the plateau region (from +1.0−1.3VRHE) is 6.5 times higher. Given the similar light
absorption of the two electrodes, it is reasonable to conclude that greater photocurrent density
of the spray-coated ﬁlm results from the porous morphology, which facilitates harvesting of
the photoexcited states due to their short transport distance.
Optimization of the spray-coating deposition method showed that ﬁlms thicker than 40nm
gave higher photocurrent density, Jph,(ﬁgure 6.3). Electrodes with a thickness of about 120nm
gave an average Jph of 0.23± 0.02mA ·cm−2 at +1.23VRHE, while thicker ﬁlms gave lower
values.
Jph was consistently∼ 30% larger for substrate-side illumination (compare to electrolyte-side)
indicating a limitation in majority carrier (electron) transport. This observation together with
the effect of the nanostructure are consistent with free charge generation occurring exclusively
in high proximity to the SCLJ, where excitons are split either by direct hole injection into the
electrolyte or a space-charge electric ﬁeld. The electron transport could be perhaps limited
due to grain boundaries between the individual ﬁbers.
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Figure 6.3 – Comparison of back side (solid) and front side (striped) illumina-
tion photocurrent at 1.23VRHE of a BBL spray coated ﬁlm in aNa2SO3 (pH 7)
as a function of number of deposited BBL layers.
6.3 Mott-Schottcky (M-S) Analysis
To next obtain information regarding the electronic structure of the SCLJ and determine
the suitability of BBL to oxidize water, electrochemical impedance spectroscopy and Mott-
Schottky (M-S) analysis were performed on spray-coated electrodes at various pH without
sacriﬁcial hole acceptors. We used thicker ﬁlms (230nm) to avoid direct substrate-electrolyte
contact.
Figure 6.4 – a) Mott-Schottky plot from a spray coated BBL ﬁlm in aqueous
electrolyte (buffered sulfate/phosphate) at various pH. A Randle equivalent
circuit was used to ﬁt the impedance data (inset). b) energy band diagram of
BBL under ﬂat-band conditions at pH 3 and 10.
Figure 6.4 a) shows the M-S plot obtained using the space charge capacitance,CSC, extracted
from the Nyquist plots (ﬁgure 6.14), which were ﬁt with a simple Randle equivalent circuit
(ﬁgure 6.4 a) inset). For each pH, the expected accumulation region, where C−2
SC
is small, is
observed in ﬁgure 6.4 a) at potentials <∼+0.23VNHE. At more positive voltages, an increase in
C−2
SC
is observed consistent with a space-charge depletion region. Complete depletion of the
semiconductor ﬁlm leads to a leveling-off ofC−2
SC
at higher applied potentials.
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Wenote that application of theM-Smodel rigorously requires a planar electrode. The sublinear
onset of the depletion region is reasonably due to a changing effective surface area as the
small features of the electrodes are depleted.7 Given the nanostructure, the ﬂat-band potential,
Efb, will be overestimated by extrapolating the linear region of the plots, and the Efb is better
estimated by regression of the onset region ofC−2
SC
.
Nevertheless, it is clear that in the pH range from 3.5 to 10.5 , Efb only varies slightly with
pH. We estimate a value for Efb of +0.31± 0.03VNHE, which is consistent with the observed
onset of photocurrent when using the sacriﬁcial hole acceptor SO2−3 . In contrast, at pH 1.9 a
positive shift of Efb to +0.40V is observed.
While inorganic oxide semiconductors typically exhibit a Nernstian shift with pH due to the
dynamic equilibrium of H+ and OH− adsorption/desorption,8,9 it is likely that few (if any)
species adsorb at the BBL/electrolyte interface in the pH range from 3.5 to 10.5 leading to the
constant Efb. In contrast, the known acido-basic behavior of BBL with a pKa of 2.2
10,11 could
explain the shift of Efb at pH 1.9 .
The Efb estimation together with the band gap and LUMO position
12 allow construction of an
energy band diagram of BBL in water at ﬂat-band conditions for different pH, see ﬁgure 6.4
b). At pH 3 the HOMO is well-positioned for the Oxygen Evolution Reaction (OER), and the
driving force for the OER reasonably increases with pH given the constant Efb of the BBL.
6.4 Linear Sweep Voltammetry (LSV) in Non-Sacriﬁcial Electrolyte
To evaluate the ability of the bare BBL to directly photo-oxidize water, we next measured
230nm thick spray coated electrodes in aqueous electrolytewithout a sacriﬁcial hole scavenger
at different pH.
Figure 6.5 – J-V (LSV, 10mV · s−1) curve of a spray coated BBL ﬁlm in aqueous
sulfate/phosphate electrolyte (pH 7) under chopped illumination. The inset
shows the evolution of the photocurrent density at 1.23VRHE with the pH.
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An example of a LSV at pH 7 is given in ﬁgure 6.5. Here the onset of photocurrent is similar
to the sacriﬁcial case, however the photocurrent density is considerably smaller and large
transient spikes are observed, especially near the photocurrent onset potential. Remarkably,
sustained photocurrent was observed as a plateau region of the LSV from ∼+0.9−1.4V. The
sustained Jph in the plateau region (after the decay of the transient, taken to be 15 s, see ﬁgure
6.15) under continuous 1 sun illumination (100mA ·cm−2) in different pH is given in the inset
of ﬁgure 6.5. The magnitude of Jph increases with pH consistent with the increasing driving
force.
6.5 Determination of the Photooxidation Reaction
Importantly, the possibility that the photocurrent arises from oxidation of the BBL itself was
eliminated through longer stability measurements, see ﬁgure 6.6.
Figure 6.6 – Photocurrent density (current density under illumination minus
the current under dark) as a function of time of a BBL spray coated ﬁlm at
1.23VRHE in aqueous electrolyte (0.5MNa2SO4 + 0.09MKH2PO4 + 0.01M
K2HPO4, pH 7) and SEM top view of the BBL spray deposited ﬁlm after
electrochemical testing (inset).
A 43% decay of the photocurrent is observed over the ﬁrst 10min after which a steady-state
photocurrent is obtained. During themeasurement period, 31mCpassed through the exposed
area of the photoanode, which is 12 times the charge needed to completely oxidize the BBL
considering that 126μg of polymer was estimated to be in the exposed area. Moreover, SEM of
the electrode after 3hours total testing time shows no visible degradation, ﬁgure 6.6 b), and
Raman spectra, ﬁgure 6.16, before and after testing show no difference.
The Incident Photon-to-current Efﬁciency (IPCE) (ﬁgure 6.7) veriﬁes that the photocurrent
in nonsacriﬁcial electrolyte at pH 7 arises from light absorption by the BBL. Integrating the
IPCE with the standard solar spectrum (AM 1.5G) gives a Jph of 167μA ·cm−2. However when
a white light bias is used during the IPCE measurement an integrated Jph of 78μA ·cm−2 is
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found. This effect can be ascribed to increased geminate recombination in the ﬁlm.13
Figure 6.7 – IPCE of a spray coated BBL ﬁlm at 1.23VRHE in aqueous elec-
trolyte (0.5MNa2SO4 + 0.09MKH2PO4 + 0.01MK2HPO4, pH 7) with (yel-
low line) and without (blue line) a white bias light of ca. 0.1 sun. Predicted
values of the photocurrent density obtained by multiplying the IPCE with the
standard AM 1.5G solar spectrum and integration are also shown.
Indeed, the reduced electric ﬁeld (band ﬂattening) that occurs at higher illumination intensity
due to charge accumulation at the SCLJ increases the probability of charge recombination.
Since we actually expect an accumulation of photo-generated holes at the SCLJ (as indicated
by the transient spikes) to be favorable for water oxidation due to the requirement of 4 photo-
generated holes to participate to produce one molecule ofO2, this observation brings into
question the nature of the sustained oxidation reaction occurring on the bare electrode.
In fact the observation of O2 production by gas chromatography, using the procedure de-
scribed by Prévot, Guijarro, and Sivula,14 was unsuccessful despite the expected concentration
being was within GC detection limits. This suggests that molecularO2 is not the product of
the sustained photo-oxidation reaction.
Another possibility is that water oxidation occurs via a two-electron process producingH2O2.
This oxidation is thermodynamically feasible (E =+1.8VRHE),15 as it corresponds roughly to
the estimated HOMO level position under ﬂat-band conditions at pH 6. Moreover ketonic
functional groups on BBL could support the production ofH2O2 similar to observations on
oxidized carbon nanotubes.16 However,H2O2 was not directly detectable in the electrolyte by
the mean of KMnO4 titration, likely because the produced H2O2 is directly reduced at the
anode to produce the hydroxyl radical (•OH).17
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Figure 6.8 – Fluorescence probe reaction used to detect hydroxyl radicals.
The occurrence of this pathway can be detected by using a ﬂuorescence probe technique,17,18
wherein coumarin reacts with hydroxyl radicals to produce a new compound (umbelliferone,
see ﬁgure 6.8) quantiﬁable by photoluminescence spectroscopy.
To demonstrate the production of the hydroxyl radical by BBL, a solution of 0.1mM coumarin
in buffered electrolyte (ﬁgure 6.9). Amperometry measurement was performed in the three
electrode cell conﬁguration by applying 1.23VRHE under simulated solar illumination for 1
and 2hours. The electrolyte was directly collected and its photoluminescence was measured
with excitation at 332nm and emission scan speed of 100nm ·min−1. The average of 5 scans
was taken for the results. Calibration can be seen in ﬁgure 6.17.
Figure 6.9 – CV of a spray coated BBL ﬁlm in aqueous electrolyte (0.5M
Na2SO4 + 0.09M KH2PO4 + 0.01M K2HPO4, pH 7) containing 4mM of
coumarin.
We note that the direct electrochemical oxidation of the coumarin by the BBL was not observed
by CV measurement, see ﬁgure 6.9, and is anyway unlikely to lead to umbelliferone production
as the direct electrochemical oxidation of coumarin has been reported to be irreversible and
results in an insoluble deposit on glassy carbon electrodes.19
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Figure 6.10 – a) ﬂuorescence spectra of buffered sulfate/phosphate aqueous
electrolyte (pH 7) containing 0.1mM coumarin (before test) and after the
PEC experiment at 1.23VRHE for 1 and 2h and b) comparison of the hydroxyl
radical concentration estimated by the ﬂuorescence probe to the calculated
concentration from the photocurrent density.
The photoluminescence spectra of the original electrolyte and after one or 2h under photo-
electrochemical operation with BBL are shown in ﬁgure 6.10 a), where peaks for coumarin
at 374nm and for umbelliferone in the electrolyte was estimated using a calibration curve
(ﬁgure 6.17) without baseline correction, and is compared to the maximum amount of •OH
that could have been produced (based on the integrated Jph, and assuming 100% Faradaic
efﬁciency in ﬁgure 6.10 b).
While the concentrations differ in magnitude signiﬁcantly due to the low expected yield of the
coumarin reaction17 and other potential factors decreasing the umbelliferone production,20
the rate of increase in the concentrations indicates a direct linear relation suggesting that the
production of umbelliferone is correlated to the photocurrent and supporting the notion that
the bare BBL produces the hydroxyl radical through photo-oxidation.
We note that in addition to the production of •OH viaH2O2, other routes are possible. The
direct one-electron production of the hydroxyl radical from the hydroxyl anion may also be
feasible at high pH as the standard redox potential for the −OH/•OH couple is reported at
+1.8VNHE (which correspond to +2.6VRHE).21,22 In contrast, the direct one-electron oxidation
ofH2O to form •OH and H+ is not expected to be thermodynamically feasible (E =+2.9VRHE)
given the HOMO level of BBL at any obtainable pH.
Regardless of the origin of the •OH, its production, instead of molecular O2 via the four-
electron OER, is consistent with the lack of deﬁned catalytic center on the bare BBL.
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6.6 Oxygen Production
Given the demonstrated photoelectrochemical stability of the bare BBL photoanode and the
thermodynamic suitability for water oxidation we next sought to show O2 production by
applying an appropriate co-catalyst overlayer.
Attempts to directly attach an OER catalyst to the BBL did not result in sustainedO2 produc-
tion, likely due to poor semiconductor/catalyst attachment. However, when the BBL was
pretreated with a sufﬁciently thin layer ofTiO2 (∼ 1nm) to act as a tunnel junction, a suitable
surface could be obtained (ﬁgure 6.11) that allowed successful attachment of a nickel-cobalt
catalyst.23
Figure 6.11 – Average contact angle of a sessile water drop on a bare spray
coated BBL ﬁlm and on a BBL ﬁlm coated withTiO2 (ca. 1nm via ALD).
LSV data are shown in ﬁgure 6.12 for the ﬁlmbefore and after theTiO2 andwith the co-catalyst.
Application of the TIO2 did not signiﬁcantly change the observed Jph (∼ 15−20μA ·cm−2),
however a slight increase (to ∼ 30μA ·cm−2) was observed upon the application of the co-
catalyst layer. Photocurrent transient spikes remain at all conditions.
Nevertheless, gas chromatography conﬁrmed molecular O2 production at a rate of 20±
2nmol ·h−1 during a constant-illumination chronoamperometry measurement when a steady-
state Jph of 10.3± 0.1μA ·cm−2 was produced corresponding to a Faradaic efﬁciency of 82±
16% (similar to the value obtained with a related system24).
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Figure 6.12 – J-V of a spray coated ﬁlm of BBL (230nm thickness) in aqueous
electrolyte (0.5M Na2SO4 + 0.09M KH2PO4 + 0.01M K2HPO4, pH 7) un-
der intermittent (simulated solar) illumination (substrate side illumination)
before and afterTiO2 deposition, and after the co-catalyst deposition.
Overall the similar onset behavior and Jph observed with the overlayer present, compared to
the bare ﬁlm in sacriﬁcial and nonsacriﬁcial electrolytes, suggests that the charge separation
in the semiconductor layer is kinetically limited by interface exciton dissociation25 and thus
ultimately controlled by the driving force as previously discussed.
The use of a solid-state semiconductor heterojunction or other overlayers speciﬁcally designed
to enhance free charge generation is a reasonable strategy to increase the photocurrent in BBL
electrodes, and efforts in this direction are underway in our laboratory.
6.7 Conclusion
In summary, our investigation of BBL as a photoanode for solar water oxidation reveals a
strong dependence of the sacriﬁcial photocurrent density on the morphology of the ﬁlm
consistent with a limitation in excited-state transport to the SCLJ.
Electrochemical impedance spectroscopy showed that the driving force for water oxidation
could be tuned with electrolyte pH and suggested that water oxidation is thermodynamically
feasible.
Furthermore, for the ﬁrst time, a π-conjugated organic semiconductor demonstrated sus-
tained direct solar water oxidation. The water oxidation photocurrent density was found to
increase with increasing pH, and no evidence of semiconductor oxidation was found over
testing time on the order of hours with bare BBL ﬁlms.
H2O2 or hydroxyl radical production proceeds, instead of molecularO2 evolution, on bare
BBL likely due to the lack of catalytic sites. Notably the produced •OH could be employed to
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degrade organic pollutants in wastewater.26
While molecularO2 evolution was measured upon functionalization with a Ni-Co catalyst, the
smaller photocurrents observed for water oxidation, compared to the sacriﬁcial case, suggest
a limitation in charge separation, which is related to the driving for for charge injection into
the electrolyte.
Overall this demonstration suggests that robust n-type conjugated organic semiconductors
are suitable for direct PEC water oxidation and opens a new path for the rational design and
optimization of photoanodes for solar water splitting.
6.8 Additional ﬁgures
Figure 6.13 – Absorptance spectra of a dip coated ﬁlm (red line) and a spray-
coated ﬁlm (blue line) prepared with similar thickness.
Figure 6.14 – Nyquist plots (from 100mHz to 200 kHz) of a spray-coated BBL
electrode (in dark condition) in aqueous electrolyte (0.5MNa2SO4 + 0.09M
KH2PO4 + 0.01MK2HPO4, pH 7).
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Figure 6.15 – Photocurrent transient measurements of the spray coated BBL
electrode at the indicated pH (aqueous 0.5M Na2SO4 + 0.09M KH2PO4 +
0.01M K2HPO4, pH adjusted with 1M NaOH or 1M H2SO4) and applied
potential. The steady-state photocurrent was determined as the dark current
minus the photocurrent at the point where the illumination was terminated
(46 sec).
Figure 6.16 – Raman spectra of a bare (without catalyst overlayers) BBL spray
coated ﬁlm before (blue) and after (red) electrochemical testing at 1.23VRHE
for 3hours in aqueous electrolyte (0.5MNa2SO4 + 0.09MKH2PO4 + 0.01M
K2HPO4, pH 7) under 1 sun illumination.
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Figure 6.17 – a) ﬂuorescence spectrum of aqueous electrolyte (0.5MNa2SO4
+ 0.09MKH2PO4 + 0.01MK2HPO4, pH 7) containing different concentra-
tions of umbelliferone, b) and calibration of umbelliferone ﬂuorescence at
450nm as a function of its concentration, and zoom for low concentrations
(inset).
References
[2] Jason D. A. Lin, Oleksandr V. Mikhnenko, Jingrun Chen, Zariﬁ Masri, Arvydas Ruseckas,
Alexander Mikhailovsky, Reilly P. Raab, Jianhua Liu, Paul W. M. Blom, Maria Antonietta
Loi, Carlos J. Garcia-Cervera, Ifor D. W. Samuel, and Thuc-Quyen Nguyen. “Systematic
Study of Exciton Diffusion Length in Organic Semiconductors by Six Experimental
Methods”. Materials Horizons 1 (2 2014), pp. 280–285. DOI: 10.1039/C3MH00089C.
[3] Samson A. Jenekhe and Paul O. Johnson. “Complexation-Mediated Solubilization and
Processing of Rigid-Chain and Ladder Polymers in Aprotic Organic Solvents”. Macro-
molecules 23 (1990), pp. 4419–4429. DOI: 10.1021/ma00222a015.
[4] Silvia Janietz and Dessislava Sainova. “Signiﬁcant Improvement of the Processability
of Ladder-Type Polymers by Using Aqueous Colloidal Dispersions”. Macromolecular
Rapid Communications 27 (2006), pp. 943–947. DOI: 10.1002/marc.200600045.
[5] Alejandro L. Briseno, Stefan C. B. Mannsfeld, Patrick J. Shamberger, Fumio S. Ohuchi,
Zhenan Bao, Samson A. Jenekhe, and Younan Xia. “Self-Assembly, Molecular Packing,
and Electron Transport in n-Type Polymer Semiconductor Nanobelts”. Chemistry of
Materials 20 (2008), pp. 4712–4719. DOI: 10.1021/cm8010265.
[6] David M. Stanbury. “Reduction Potentials Involving Inorganic Free Radicals in Aqueous
Solution”. Advances in Inorganic Chemistry. Ed. by A.G. Sykes. Vol. 33. Advances in
Inorganic Chemistry. Academic Press, 1989, p. 70. DOI: 10.1016/S0898-8838(08)60194-4.
[7] Iván Mora-Seró, Francisco Fabregat-Santiago, Benjamin Denier, Juan Bisquert, Ramón
Tena-Zaera, Jamil Elias, and Claude Lévy-Clément. “Determination of Carrier Density
of ZnONanowires by Electrochemical Techniques”. Applied Physics Letters 89, 203117
(2006), p. 203117. DOI: 10.1063/1.2390667.
92
References
[8] Jeffrey M. Bolts and Mark S. Wrighton. “Correlation of Photocurrent-voltage Curves with
Flat-band Potential for Stable Photoelectrodes for the Photoelectrolysis of Water”. The
Journal of Physical Chemistry 80 (1976), pp. 2641–2645. DOI: 10.1021/j100565a004.
[9] M. A. Butler and D. S. Ginley. “Prediction of Flatband Potentials at Semiconductor-
Electrolyte Interfaces from Atomic Electronegativities”. Journal of The Electrochemical
Society 125(2) (1978), pp. 228–232. DOI: 10.1149/1.2131419.
[10] K. Wilbourn and Royce W. Murray. “The Electrochemical Doping Reactions of the Con-
ducting Ladder Polymer Benzimidazobenzophenanthroline (BBL)”. Macromolecules 21
(1988), pp. 89–96. DOI: 10.1021/ma00179a019.
[11] K. Wilbourn and Royce W. Murray. “The D.C. Redox Versus Electronic Conductivity of
the Ladder Polymer Poly(benzimidazobenzophenanthroline)”. The Journal of Physical
Chemistry 92 (1988), pp. 3642–3648. DOI: 10.1021/j100323a062.
[12] Amit Babel and Samson A. Jenekhe. “High Electron Mobility in Ladder Polymer Field-
Effect Transistors”. Journal of the American Chemical Society 125 (2003), pp. 13656–
13657. DOI: 10.1021/ja0371810.
[13] Thomas J. K. Brenner, Yana Vaynzof, Zhe Li, Dinesh Kabra, Richard H. Friend, and
Christopher R. McNeill. “White-light Bias External Quantum Efﬁciency Measurements
of Standard and Inverted P3HT:PCBM Photovoltaic Cells”. Journal of Physics D: Applied
Physics 45 (2012), p. 415101. DOI: 10.1088/0022-3727/45/41/415101.
[14] Mathieu S. Prévot, Néstor Guijarro, and Kevin Sivula. “Enhancing the Performance of
a Robust Sol-Gel-Processed p-Type DelafossiteCuFeO2 Photocathode for Solar Water
Reduction”. ChemSusChem 8 (2015), pp. 1359–1367. DOI: 10.1002/cssc.201403146.
[15] Yuji Ando and Tadayoshi Tanaka. “Proposal for a New System for Simultaneous Produc-
tion of Hydrogen and Hydrogen Peroxide by Water Electrolysis”. International Journal
of Hydrogen Energy 29 (2004), pp. 1349–1354. DOI: 10.1016/j.ijhydene.2004.02.001.
[16] Xunyu Lu, Wai-Leung Yim, Bryan H. R. Suryanto, and Chuan Zhao. “Electrocatalytic
Oxygen Evolution at Surface-Oxidized Multiwall Carbon Nanotubes”. Journal of the
American Chemical Society 137 (2015), pp. 2901–2907. DOI: 10.1021/ja509879r.
[17] Nobuaki Ohguri, Atsuko Y. Nosaka, and Yoshio Nosaka. “Detection of OH Radicals
Formed at PEFC Electrodes by Means of a Fluorescence Probe”. Electrochemical and
Solid-State Letters 12 (2009), B94–B96. DOI: 10.1149/1.3106184.
[18] Jie Zhang and Yoshio Nosaka. “Quantitative Detection of OH Radicals for Investigat-
ing the Reaction Mechanism of Various Visible-Light TiO2 Photocatalysts in Aque-
ous Suspension”. The Journal of Physical Chemistry C 117 (2013), pp. 1383–1391. DOI:
10.1021/jp3105166.
[19] Quansheng Wu and Howard D. Dewald. “Voltammetry of Coumarins”. Electroanalysis 13
(2001), pp. 45–48. DOI: 10.1002/1521-4109(200101)13:1<45::AID-ELAN45>3.0.CO;2-Y.
93
Chapter 6. Water Oxidation by a BBL Photoanode
[20] Yukihiro Nakabayashi and Yoshio Nosaka. “OH Radical Formation at Distinct Faces of
Rutile TiO2 Crystal in the Procedure of Photoelectrochemical Water Oxidation”. The
Journal of Physical Chemistry C 117 (2013), pp. 23832–23839. DOI: 10.1021/jp408244h.
[21] Donald T. Sawyer and Julian L. Roberts. “Hydroxide Ion: an Effective One-Electron
Reducing Agent?” Accounts of Chemical Research 21 (1988), pp. 469–476. DOI: 10.1021/
ar00156a006.
[22] W. H. Koppenol and Joel F. Liebman. “The Oxidizing Nature of the Hydroxyl Radical. A
Comparison with the Ferryl Ion (FeO2)”. The Journal of Physical Chemistry 88 (1984),
pp. 99–101. DOI: 10.1021/j150645a024.
[23] Lena Trotochaud, James K. Ranney, Kerisha N. Williams, and Shannon W. Boettcher.
“Solution-Cast Metal Oxide Thin Film Electrocatalysts for Oxygen Evolution”. Journal of
the American Chemical Society 134 (2012), pp. 17253–17261. DOI: 10.1021/ja307507a.
[24] Joel T. Kirner, Jordan J. Stracke, Brian A. Gregg, and Richard G. Finke. “Visible-Light-
Assisted PhotoelectrochemicalWaterOxidation by Thin Films of a Phosphonate-Functio-
nalized Perylene Diimide Plus CoOx Cocatalyst”. ACS Applied Materials & Interfaces 6
(2014), pp. 13367–13377. DOI: 10.1021/am405598w.
[25] Brian A. Gregg and Yeong Il Kim. “Redox Polymer Contacts to Molecular Semiconductor
Films: Toward Kinetic Control of Interfacial Exciton Dissociation and Electron-Transfer
Processes”. The Journal of Physical Chemistry 98 (1994), pp. 2412–2417. DOI: 10.1021/
j100060a031.
[26] S. Malato, P. Fernández-Ibáñez, M. I. Maldonado, J. Blanco, and W. Gernjak. “Decontam-
ination and Disinfection of Water by Solar Photocatalysis: Recent Overview and Trends”.
Catalysis Today 147 (2009), pp. 1–59. DOI: 10.1016/j.cattod.2009.06.018.
94
7 Characterization of Charge Transport
Processes in BBL Photoanodes
Finally, BBL ﬁlms prepared with the spray coating procedure described in chapter 5 page 67
and demonstrated to be a suitable photoanode material for solar water oxidation in chapter 6
page 79 are extensively characterized.
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7.1 Motivation
Polymeric modiﬁed electrodes have been classiﬁed into two categories depending on their
charge transport processes.1 Redox polymers transport electrons by hopping, through switch-
ing of spatially localized redox center while electronic polymers have the possibility to delo-
calize electrons along their highly conjugated molecular structure and therefore transport
electrons with a metallic-like or semiconducting behavior.
Due to its ladder conjugated backbone, BBL should, in principle, be able to allow electron
delocalization. DFT calculation showed that upon light excitation, exciton can be delocalized
over six monomer units2 and current measurement detected a metallic (ohmic) behavior in
dry state.3 However in wet state, BBL has always been described as a redox conductor.3,4
The demonstration in the previous chapters of a sustained photoelectrochemical oxidation
reaction with BBL, in chapter 6 page 79, that was dependent on the pH and potential suggested
that this polymer could switch between redox and semiconducting transport regimes. It led
us to its complete characterization of charge transport in wet conditions (water splitting
conditions). For that, Cyclic Voltammetry (CV), Electrochemical Quartz Crystal Microbalance
(EQCM), Electrochemical Impedance Spectroscopy (EIS), conductivity and Linear Sweep
Voltammetry (LSV) measurements were conducted in different electrolytes, see table C.1 and
C.3 page 46.
BBL ﬁlms used in this chapter were prepared by spray coating method as described in chapter
5 page 67. Two different thicknesses were used: a sample named 230nm corresponding to one
layer deposition (0.5mL) and a sample named 470nm corresponding to two layers deposition
(1mL).
7.2 Cyclic Voltammetry (CV)
To understand the behavior of BBL electrodes in direct contact with an electrolyte, CV was
conducted in 1MNaClO4 aqueous electrolyte at various pH, see ﬁgure 7.1 a). Two reversible
and reproducible reduction peaks are observed at 0.02VNHE and −0.59VNHE for all pH.
Wilbourn and Murray3,5 already measured the CV of BBL in (Bu4N)2SO4 aqueous electrolyte
and proposed the following reactions:
BBL+H+⇀↽HBBL+ pKa = 2.2 (g.1)
BBL+H++e−⇀↽HBBL E0 = 0.34VRHE (g.2)
HBBL++H++e−⇀↽H2BBL+ E0 = 0.17VRHE (g.3)
BBL+e−⇀↽BBL− (g.4)
BBL−+e−⇀↽BBL2− (g.5)
While these reactions were observed up to pH 4, two other reversible reduction peaks were
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also observed at pH 7 to 12 at −0.15VNHE, reduction g.4, and −0.6VNHE, reduction g.5, which
were independent of pH.
Figure 7.1 – CV at 5mV · s−1 of a BBL spray coated photoanode of 230nm in
a) 1MNaClO4 at pH 2.8 (yellow), 4.1 (red), 6.0 (blue) and 7.5 (green) and in
b) 0.5MNaSO4 + 0.09MKH2PO4 + 0.01MK2HPO4 at pH 2.1 (yellow), 3.7
(red), 6.1 (blue) and 7.0 (green)
Figure 7.2 – Pourbaix diagram representing reactions described by Wilbourn
and Murray3,5 and measured half-wave potential in a) 1M NaClO4 and b)
0.5MNaSO4 + 0.09MKH2PO4 + 0.01MK2HPO4.
Comparing this previous data to our results, as reported in ﬁgure 7.2 a), we can exclude
reduction g.2 and g.3 since their potential should depend on electrolyte pH. Considering some
potential shift due to different testing conditions, we may be in the presence of reduction g.4
and g.5. These two reduction pathways were also measured in 1MNa2SO4, see ﬁgure 7.14,
and reported in acetonitrile.3,6
A similar analysis was conducted in 1MNa2SO4 with a phosphate buffer at various pH, see
ﬁgure 7.1 b). Again two reversible and reproducible reduction peaks are observed at pH 2.1,
3.7, 6.1 and 7.0. Only two peaks at pH 2.1 and 3.7 follow reactions g.2 and g.3 potential as
seen in ﬁgure 7.2 b). While at pH 6.1 and 7.0 the ﬁrst peak is located at the same potential and
the second lies on the reduction reaction described by g.3. We note that, for reaction g.3 to
happen, the BBL should be in its protonated form which is possible only up to pH 4.
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The effect of electrolyte is hence signiﬁcant on the electrochemical behavior of BBL. In the
pH range between 2.1 and 7.5, in one case the BBL can be reduced by two electron transfer
reactions. Taking into account the pKa of 2.2, we may expect another reduction pathway at
pH lower than 2.2∗. In the second case the BBL can be reduced ﬁrst by a one electron transfer
and secondly by a proton-couple electron transfer. This last reaction, following reaction g.3
can only be possible if the BBL is in a protonated form indicating another chemical species or
protonation site than the one with a pKa of 2.2 (imine site5).
7.3 Electrochemical Quartz Crystal Microbalance (EQCM)
To verify the effect of electrolyte on the BBL electrode, EQCM measurement was conducted.
EQCM was recorded during CV at 5mV · s−1 between 0 and 1VNHE on BBL sample of 230nm
and 470nm thickness and on the bare gold sensor. An electrochemistry module was used
containing a platinum counter electrode and an Ag/AgCl (KCl 3M) reference electrode. For all
cases, 3 cycles starting at 0VNHE were recorded, only two last are shown in graphics. Electrolyte
used are listed in table C.3 page 46.
Between each measurement, BBL ﬁlms were dipped intoHNO3 0.5M during 1hour, washed
with Milli-Q water and dried at 250 °C 10minutes. Measurements were also recorded onto
bare gold sensor. They were washed between measurements following the cleaning procedure
for the gold sensor described section 2.7 page 28. Baseline correction was done on all curves.
In all cases, the gold sensor measurement corresponds to no mass change or small mass
change compared to the 230nm and 470nm thick BBL samples. The mass change is also
greater for the 470nm sample compare to the 230nm one. This indicates that mass changes
recorded are only due to the BBL ﬁlm.
In NaClO4 0.1M electrolyte at pH 7.4, see ﬁgure 7.3, starting at 0VNHE, the BBL ﬁlm ﬁrst is
oxidized leading to a small increase of mass followed by a more signiﬁcant decrease of mass
from 0.05VNHE to 0.3VNHE. Then the current stabilizes in a plateau where the mass decreases
at a slower rate. During the reverse scan, the same plateau region with small change of mass
appears until 0.2VNHE where the BBL starts to be reduced leading to mass increase. Since mass
increase and decrease depends on the ﬁlm potential, it can be associated with intercalation of
ionic charges into the BBL ﬁlm.
∗not tested
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Figure 7.3 – EQCM data of gold (black) and BBL spray coated photoanode of
230nm (yellow) and 470nm (red) thickness inNaClO4 0.1M pH 7.4 aqueous
electrolyte. Top graph shows the CV results, bottom graph shows the mass
change calculated by the Sauerbrey equation.
Similar observations can be drawn inNaClO4 1M pH 7.4 andNaClO4 1M pH 2.9, see ﬁgure
7.15 verifying that the pH of the bulk electrolyte does not inﬂuence the redox reaction potential
as observed in CV. With higher electrolyte concentration, larger mass loss/gain and current
densities are observed.
In order to determinewhich ions enter the ﬁlm, ions sizes in electrolyte was changed.7 We used
sodium tetraphenylborate (NaTPB) and tetrabutylammonium chloride (TBACl) to exclude
anion intake in the ﬁrst case and cation intake in the second one, see ﬁgure 7.4. TBAClO4
could not be used as it is not soluble in water but chloride ion is not oxidized under these
conditions as seen in the CV.
In both cases the same behavior is observed as in NaClO4 electrolyte namely (i) a small
increase followed by a mass loss during oxidation between 0VNHE and 0.3VNHE (ii) a plateau
region between 0.3VNHE and 1VNHE and (iii) an increase of mass during reduction from
0.2VNHE to 0VNHE. Both amplitude of mass change and currents density are higher than in
the 1MNaClO4 pH 7 case. On the gold sensor, theTPB
− anion is oxidized at 0.7VNHE but
no mass change is observed at the same time. This oxidation wave is absent with the BBL ﬁlm
indicating a good coverage of the gold substrate by the ﬁlm and no oxidation of the electrolyte
on the BBL surface.
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Figure 7.4 – EQCM data of gold (black) and BBL spray coated photoanode of
230nm (yellow) and 470nm (red) thickness in a) NaTPB 0.1M pH 8.6 and
b)TBACl 0.1M pH 8.6 aqueous electrolyte. Top graphs show the CV results,
bottom graphs show the mass change calculated by the Sauerbrey equation.
Figure 7.5 – EQCM data of gold (black) and BBL spray coated photoanode
of 230nm (yellow) and 470nm (red) thickness inHClO4 0.1M pH 0 aqueous
electrolyte. Top graph shows the CV results, bottom graph shows the mass
change calculated by the Sauerbrey equation.
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Finally we excluded the effect of sodium ion by usingHClO4 electrolyte, in ﬁgure 7.5.
Again, similar observation can be seen as for theNaClO4 case. However, the oxidation peak is
separated into three waves (0.14VNHE, 0.3VNHE and 0.53VNHE). It appears more clearly that
only the ﬁrst oxidation wave corresponds to mass increase while the two following correspond
to mass loss. The reduction peak has a shoulder at 0.095VNHE which corresponds to the mass
increase.
During the redox switch of BBL ﬁlm EQCM measurement shows cation expulsion during
oxidation and cation insertion during reduction.8 This cation insertion could also be coupled
with solvent exchange.9 By wisely choosing cation and anion size, it is possible to determine
that neither theClO−4 anion nor the Na
+ cation are responsible of the mass change as it occurs
also when these ions are not present in the solution. Hence we conclude that ions in the
solvent are responsible of the mass change and more speciﬁcally H+ cations. Measurement in
acetonitrile solvent was then done inNaClO4 electrolyte, in ﬁgure 7.16, showing no reduction
of the BBL ﬁlm and no mass change.
Two contributions could explain the H+ insertion: the ﬁrst one is a proton-couple reduction
reaction which would increase the mass of BBL itself. The second one would be H+ migration
inside the porosity of the ﬁlm to compensate negative charging of the ﬁlm which would change
the total mass of the ﬁlm,8 being the BBL mass and the electrolyte mass contained in the
porosity of the ﬁlm. As the proton-couple reaction was already excluded from the CV analysis,
only second case is plausible.
To understand the behavior of the BBL ﬁlm in contact with the phosphate buffer, QCM
measurement was done by replacing the electrolyte from a solution of 0.5MNa2SO4 pH 7.5
to 0.5MNa2SO4 pH 7.5 with phosphate buffer. The change of mass between two cases was
recorded on a BBL ﬁlm of 230nm and on a gold sensor to remove the effect of the sensor, see
ﬁgure 7.6.
Figure 7.6 – Results of QCM data obtained by ﬂowing an electrolyte solution
on a BBL ﬁlm of 230nm. Electrolyte solution was switched between a 0.5M
Na2SO4 pH 7.5 and a 0.5M Na2SO4 + 0.09M KH2PO4 + 0.01M K2HPO4
pH 7.5 solution twice. Mass change was calculated by the Sauerbrey equation,
results are corrected by the effect of the gold sensor.
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An average mass increase of 0.3μg ·cm−2 is obtained due to the phosphate buffer which
could indicate that phosphate ions adsorb on the BBL surface. Indeed the formation of a
complex with HPO2−4 /H2PO
−
4 could occur and was already observed and reported with
polyphosphoric acid.10 This would explain the protonated-like behavior of the BBL reduction
measured in the CV
7.4 Electrochemical Impedance Spectroscopy (EIS)
To get a more comprehensive understanding of the effect of ions in the electrochemistry
of BBL ﬁlm, EIS was conducted on BBL electrodes in various electrolytes.Electrochemical
Impedance Spectroscopy (EIS) was performed in the dark (or as precised) using a 10mV
amplitude perturbation between 4000 kHz and 30mHz. Potential were varied between 0VNHE
and 1VNHE always starting from 1VNHE in the reduction direction. Electrolyte used are listed
in tables C.1 and C.3 page 46, purging them byO2 or Ar, or changing their concentration was
found to have no inﬂuence on the results.
In all cases, two processes are observed: a ﬁrst one at high frequency (from 1Hz to 100 kHz)
and a second one at lower frequency (from 0.03Hz to 1Hz). Everything occurring at higher
frequency than 100 kHz is due to counter electrode / electrolyte charge transfer and was
included in the series resistanceRs. Both processes appear to be well separated, i.e. occurring
at different frequencies, at low applied potential (from 0VNHE to 0.2VNHE), superimposed
between 0.2VNHE to 0.6VNHE and again separated at higher potential. To ﬁt the data, ZView2
software was used with equivalent circuit in ﬁgure 7.7 a). A Constant Phase Element (CPE)
was used instead of a capacitance element to take into account the non-ideal behavior of
data. True capacitanceCwas calculated from the CPE element using equation g.6 withR the
resistance, Q the CPE capacitance and nCPE the CPE exponent.
C =
(R ·Q)1/nCPE
R
(g.6)
Fitting was realized ensuring that the CPE1/R1 semicircle would always correspond to the
high frequency process and the CPE2/R2 semicircle to the low frequency process. InNa2SO4
with phosphate buffer, the two processes were more difﬁcult to distinguish therefore a simple
Randle’s circuit was used, ﬁgure 7.7 b). For the ﬁtting, the CPE exponent was left free if found
between 0.8 and 1 or ﬁxed at 0.8 if lower.
Figure 7.7 – Equivalent circuits used to ﬁt data in a)NaClO4 and b)Na2SO4
with phosphate buffer.
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No diffusion-like behavior, corresponding to a slope of −0.5 in the |Z| vs freq. plot and a phase
of −45 ◦, was observed in the data. An example of a bode plot is shown in ﬁgure 7.17 where
the corresponding slopes in the |Z| vs freq. plot are −0.92 and −0.86 at 0VNHE and 0.9VNHE
respectively.
In 1M NaClO4 pH 7, the process at high frequency corresponds to a capacitance around
20μF ·cm−2 which remains constant over the tested applied potential. The resistance in
parallel with this capacitance varies from 1Ω ·cm−2 at 0VNHE to 1×105Ω ·cm−2 at 0.4VNHE
and then stays constant for more anodic potentials.
At low frequency, the process behaves differently: the capacitance is changing from20mF ·cm−2
(out of the graph) at 0VNHE to 1×10−5 mF ·cm−2 at 0.6VNHE and stays constant until 1 VNHE.
The resistance related to this process shows an overall increase from 1×105Ω ·cm−2 at 0VNHE
to 1×106Ω ·cm−2 at 1VNHE.
Figure 7.8 – Results from the ﬁtting of EIS data of FTO (black) and spray
coated BBL photoanode of 110nm (yellow), 230nm (red) and 470nm (green)
thickness inNaClO4 1M pH 7.4.
The ﬁrst process can be attributed to polymer bulk electron transfer.11 It is a fast charge
transfer, happening at high frequency. Its capacitance and resistance change with applied
potential correspond to a geometric capacitance and resistance of charge transport.
The capacitance in F should depend on the polymer dielectric constant and the S/l ratio with:
C1 = r ·0 · S
l
(g.7)
where r and 0 are the dielectric constant of the polymer and the vacuum permittivity respec-
tively in F ·m−1, S the surface contact in m2 and l the thickness of the ﬁlm in m. None of these
103
Chapter 7. Characterization of Charge Transport Processes in BBL Photoanodes
elements are potential dependent which give rise to a constant capacitance.
The resistance inΩ however depends on the ﬁlm conductivity (σ in S ·m−1) with:
R1 =
d
S ·σ (g.8)
which can vary depending on the amount of oxidized and reduced species in the ﬁlm (amount
of doping). As seen in ﬁgure 7.8, R1 starts to decrease when the BBL ﬁlm is reduced. Compared
to the CV where the onset of reduction is positioned at 0.26VNHE, the resistance onset of R1
showing reduction of the ﬁlm is in advance of 220mV, see discussion later. The decrease of R1
during the reduction means that during n-doping, the conductivity of the BBL ﬁlm increases.12
R1 also depends on the l/S ratio therefore both capacitance and resistance of this process
should scale with the thickness and the surface contact change. In order to determine this
ratio, CV at different scan rates were conducted in phosphate buffered electrolyte, see ﬁgure
7.18, for ﬁlm of 110nm, 230nm and 470nm thickness.
In this case, the current amplitude is proportional to the scan rate (relation for an adsorbed
species on a conductive electrode without diffusion13) hence Q, the total charge (or area under
the curve in in mA ·V), is proportional to the scan rate as well. Knowing that:
Q = nFSΓ∗ (g.9)
where n is the number of electron exchanged during the reaction, F is the Faradaic constant,
S is the active surface contact, Γ∗ is the concentration of adsorbed species on the electrode
surface (inmol ·cm−2) that can undergo the redox reaction andQ taken as the average between
the oxidation and reduction wave area, SΓ∗ was determined by linear regression, see inset
graph in ﬁgure 7.18 and table G.1.
Comparing this value for different ﬁlm thicknesses it appears to be twice as high with 230nm
than 110nm and also twice as high with 470nm than 230nm. This implies that a higher
molar amount of BBL is in direct contact with the electrolyte when the thickness is increased.
Comparing these values with the change in thickness d we can conclude that due to the
porosity of the ﬁlm, increasing the thickness of the ﬁlm, increases also the number of BBL
species in contact with the electrolyte in the same way (i.e. S/d is constant). This explains why
C1 and R1 values don’t vary with the ﬁlm thickness.
The second process at lower frequency can be attributed to an ionic process. It is a slow
process, happening at low frequency, and its capacitance and resistance behavior don’t match
with what is expected for a charge transfer process or trap state process.14 The occurrence of
this second process on the bare FTO substrate with the sameC2 and R2 values suggests that the
process could be the Helmholtz layer at the FTO/electrolyte or BBL/electrolyte interfaces.15
On BBL electrodes, C2 shows a large building of charge with a change of 6 order of magnitude
during the reduction. This increase starts at 0.545VNHE (65mV ahead of R1) for all thicknesses
104
7.4. Electrochemical Impedance Spectroscopy (EIS)
and could correspond to the H+ intake recorded in EQCM at 0.2VNHE.
The difference of potential of 380mV between the two measurements could be explained by
the two different time scales. In the EQCM measurement the scan rate of 5mV · s−1 corre-
sponds to a non steady state case where solution in the Helmholtz layer is in low concentration
compared to the bulk electrolyte due to the H+ insertion inside the ﬁlm. Since potential is
changing, the H+ concentration does not have the time to balance giving rise to a mass transfer
limitation. However in EIS, each potential is maintained for 160 seconds during which H+ con-
centration has time to reach equilibrium between the Helmholtz layer and the bulk electrolyte.
Therefore it is no longer in mass transfer limitation which explains why (i) the reduction of
BBL occurs at a more anodic potential and (ii) no diffusion-like behavior is observed in the
impedance data, see ﬁgure 7.17.
The R2 resistance seems to be stable and independent of the C2 capacitance, showing a stable
and high resistance of charge transfer process in the Helmholtz layer.
Figure 7.9 – Results from the ﬁtting of EIS data of FTO in pH 7 (full black) and
pH 3 (empty black) electrolyte and spray coated BBL photoanode of 230nm
thickness in pH7 (full red) and pH 3 (empty red) electrolyte. Electrolyte:
NaClO4 1M.
EIS was also conducted in 1MNaClO4 at pH 3where the same behavior as in pH 7 can be seen,
in ﬁgure 7.9. However we can notice an increase in the geometric capacitance (C1) during
BBL reduction at 0.5VNHE and a small shift in the increase of Helmholtz layer capacitance
(C2). This shift cannot be attributed to the change of pH as it would be shifted to the anodic
direction. This effect can be explained by the fact that this pH is close to the pKa of BBL
therefore a small amount of HBBL+ species can be present which would increase the charge of
the ﬁlm (C1) and reduce at the same time the concentration of H+ at the surface of the ﬁlm
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(C2).
Figure 7.10 – Results from the ﬁtting of EIS data of a spray coated BBL pho-
toanode of 230nm thickness in 0.5M NaSO4 + 0.09M KH2PO4 + 0.01M
K2HPO4 pH 2.0 (yellow), 3.7 (red), 6.1 (blue) and 7.0 (green).
EIS was conducted in 1M Na2SO4 with phosphate buffer electrolyte, in ﬁgure 7.10. In this
case, both processes are more difﬁcult to distinguish during the ﬁtting therefore a simple
Randle circuit was used. Then information about the BBL reduction (small resistance) is lost
in the ﬁtting. However the change in the capacitance can still be seen with an increase of
capacitance during BBL reduction located at 0.31VNHE for pH 3.7, 6.1 and 7.0. This process
then corresponds to the ﬁrst reduction peak in the CV. A shift is observed at pH 2.0 (to
0.48VNHE) due to the presence of HBBL+ species. Compared with the electrolyte without
phosphate buffer, capacitance values are the same while resistance values are one order of
magnitude higher. This could be either due to the ﬁtting procedure or to a lower conductivity
of the ﬁlm.
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Figure 7.11 – Results from the ﬁtting of EIS data of FTO (black) and spray
coated BBL photoanode of 230nm thickness (red) in dark (full) and under
1 sun illumination (empty with dot) inNaClO4 1M pH 7.4.
To further understand the limitations in BBL photoanodes, EIS was conducted in 1MNaClO4
pH7under illumination fromback side, in ﬁgure 7.11. Similar conclusions canbe conducted as
in dark with a notable decrease of resistance of one order of magnitude in both processes. The
resistance of the second process attributed to the Helmholtz layer charge transfer resistance is
also reduced because of the enhanced Faradaic reaction at the surface.15
7.5 Conductivity
Conductivity of a 230nm thick BBL ﬁlm was measured in a sandwich-type conﬁguration. In
this measurement, the BBL ﬁlm is conﬁned between a bottom electrode, the FTO substrate,
and a porous top electrode, made of silver nanowires. The ﬁlm is then immersed in the
electrolyte and polarized at a potential (same for both electrodes) during 3min. After this
time, the top electrode is stepped cathodically by 5mV and kept at this voltage during 2min
while the bottom one stays constant at the previous potential. Therefore there will be a
difference of potential of 5mV between the bottom and top electrodes and a current will ﬂow.
The conductivity is then calculated with equation g.10 where σ is the conductivity, ΔI the
difference of current measured at the top electrode before and after the voltage step, l the ﬁlm
thickness,ΔV the difference of potential and A the geometric surface area.
σ =
ΔI · l
ΔV · A (g.10)
This measurement was conducted in two electrolytes; 0.1M NaClO4 at pH 7.4 and 0.5M
NaSO4 + 0.09MKH2PO4 + 0.01MK2HPO4 at pH 7, in dark and under 1 sun illumination.
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As seen in ﬁgure 7.12, in all cases the conductivity starts to increase at 0.2VNHE in the reduc-
tion direction†. This corresponds well with the previous measurement with the starting of
reduction at this potential. This increase of conductivity was explained by the presence of the
protonated BBL species which is more conductive.3 In our case, as already mentioned, at this
pH the protonated BBL as unlikely to be present, at least in theNaClO4 electrolyte.
This effect could rather be explained by a change of conduction type; in the reduced case,
the BBL is charged negatively which enhances the insertion of solvent and ions around the
polymer. Then the charge conduction might be driven by electron hoping mechanism through
spatially localized redox center.4,5 In the oxidized case, the BBL cannot support any localized
charge and all solvent and ions are removed from the ﬁlm. Normally, this would switch the
polymer to an insulator state. However, due to its ladder-type backbone, BBL behaves like
a semiconductor and can still transport charges by delocalization of electrons as in its dry
state.3
Figure 7.12 – Conductivity of a BBL spray coated photoanode of 230nm in
1M NaClO4 pH 7.4 (red square) and in 0.5M NaSO4 + 0.09M KH2PO4 +
0.01MK2HPO4 pH 7.0 (green circle) in dark (full) and under 1 sun illumina-
tion (empty with dot).
We can also note that the conductivity of the ﬁlm is always higher under illumination and
higher in theNaClO4 electrolyte which correlates with the reduced resistance measured in
EIS.
7.6 Linear Sweep Voltammetry (LSV)
Finally the ability of our BBL photoanode to split water was compared inNaClO4 andNa2SO4
with phosphate buffer electrolytes in LSV under chopped light, in ﬁgure 7.13.
†corresponding to the published results3
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Figure 7.13 – LSV of a BBL spray coated photoanode of 230nm under
chopped light (1 sun) in a) 1MNaClO4 pH 2.8 (yellow), 4.1 (red), 6.0 (blue),
7.5 (green) and 10.0 (violet) and b) 1M NaSO4 + 0.09M KH2PO4 + 0.01M
K2HPO4 at pH 2.3 (yellow), 4.0 (red), 6.0 (blue) and 7.2 (green) and 9.5 (violet)
In NaClO4 electrolyte, transient photocurrent showing charging and discharging of the
BBL/electrolyte interface during illumination15 is observed only at low pH while it is present
in all pH in the Na2SO4 with phosphate buffer electrolyte. This could be associated to the
presence of protonated BBL or the BBL/phosphate ions complex.
A poor efﬁciency, shown by a smaller steady state photocurrent, attributed to OER, is recorded
in theNaClO4 electrolyte compared to the other one. This shows that the photocurrent more
limited in theNaClO4 electrolyte. However this effect can not be due to the change of ﬁlm
conductivity as we have shown that it is higher in theNaClO4 electrolyte.
We propose that the formation of the complex with the phosphate ions could facilitated charge
transport and transfer at the SCLJ. More experiments in sacriﬁcial electrolyte are needed to
determine the reason of this limitation.
7.7 Conclusions
We showed that charge transport through a spray coated BBL ﬁlm behave differently depend-
ing on the electrolyte used. Compared to metal oxide photoelectrodes where charge transport
abilities depends on the oxidation state of the material, in the polymeric case, the polymeric
species, inﬂuenced by the electrolyte, are more determinant. Therefore a complete charac-
terization of BBL species at the interface is beneﬁcial for the understanding of photoanodes
efﬁciency.
We demonstrated that, whether the ﬁlm was protonated or not or interacting with the elec-
trolyte by the formation of a complex, efﬁciency can be limited by different effects. In order to
explain the photocurrent measured at potential where the BBL should be in its insulator state
(oxidized form) we stated that charge transport through the ﬁlm occurs by delocalization of
charges. While in its reduced state, the BBL behaves as a redox polymer due to the possible
ﬁlm charging. This forms a region between 0.2VNHE and 0.5VNHE where the BBL change from
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a redox polymer charge transport behavior to a delocalized charge transport behavior which
gives rise to the onset of photocurrent.
7.8 Additional Figures
Figure 7.14 – CV at 5mV · s−1 of a BBL spray coated photoanode of 230nm in
1MNa2SO4 at pH 2.8 (yellow), 4.0 (red), 6.9 (blue) and 7.5 (green)
Figure 7.15 – EQCM data of gold (black) and BBL spray coated photoanode
of 230nm (yellow) and 470nm (red) thickness inNaClO4 1M a) pH 7.4 and
b) pH 2.9 aqueous electrolyte. Top graphs show the CV results, bottom graphs
show the mass change calculated by the Sauerbrey equation.
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Figure 7.16 – EQCM data of gold (black) and BBL spray coated photoanode
of 230nm (yellow) and 470nm (red) thickness inNaClO4 0.1M electrolyte in
acetonitrile. Top graph shows the CV results, bottom graph shows the mass
change calculated by the Sauerbrey equation.
Figure 7.17 – Bode plot of EIS data of a spray coated BBL photoanode of
230nm inNaClO4 1M pH 7.4
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Figure 7.18 – CV of a) 110nm, b) 230nm and c) 470nm spray coated BBL pho-
toanodes in 0.5MNaSO4 + 0.09MKH2PO4 + 0.01MK2HPO4 pH 6. Scan
rate of 5mV · s−1 (yellow), 10mV · s−1 (red), 20mV · s−1 (green) and 50mV · s−1
(blue).
Thickness Linear regression R2 SΓ∗
110nm y=0.0027x + 0.0003 0.9999 2.8×10−8 mol
230nm y=0.0078x + 0.0092 0.9996 8.0×10−8 mol
470nm y=0.0103x + 0.0087 0.9998 1.0×10−7 mol
Table G.1 – Results of the linear regression for the determination of S/d ratio
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8 Final Comment and Outlook
Facing world energy problem is our generation challenge. Not only because of ending of
fossil fuel reserves but also for economical, political and environmental reasons. Finding
a technology that could provide sufﬁcient energy for the entire world population would
enhance the life quality of millions of people. For that the solar-to-fuel was demonstrated
to be the potentially revolutionary technology, specially the solar hydrogen production. If
this technology can be designed, solar hydrogen is envisioned to be a central element in an
interconnected chemical network. In this original work, the feasibility of Photoelectrochemical
(PEC) water splitting devices was demonstrated as well as presentation of a new promising
material.
We started to demonstrate that an all oxide tandem solar cell is a viable target for an an
inexpensive devicemade of earth-abundantmaterials, namelyCu2O andBiVO4. Indeed their
easy and scalable processing, like electrodeposition forCu2O or spray pyrolysis forBiVO4,
offer promising device price close to the targeted hydrogen production price of 10US$kg−1
to compete with the Photovoltaic (PV)-electrolyzer conﬁguration. These two materials were
found to have matching optical and energetics properties, with their majority carrier energy
well positioned for the Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction
(OER), and are thus suitable for a D4 wired conﬁguration. Based on absorption properties of
the two materials, this device should, in theory, be able to drive these two photo reactions with
a 7.8% Solar-to-Hydrogen (STH) efﬁciency. However, an efﬁciency of less than 0.5% STH was
obtained and explained by optical, Incident Photon-to-current Efﬁciency (IPCE), operational
and stability losses.
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Even state-of-the-art photoelectrodes are hence not yet optimized for full-device applications.
The race toward the best performing photoelectrodes might consequently not be the right
objective. This technology is then still far from a commercial application, even the best device
conﬁguration is still under questions as seen be the number of propositions.
One solution to resolve the inadequation of the two electrodes would be to use a materiel
which properties could be adapted to the second photoelectrode. In this work we proposed to
use an organic material to beneﬁt from their tunability and low prices. These were usually
demonstrated for water splitting in a buried junction, i.e. protected from the electrolyte, as
they suffer from poor stability. They are indeed easier to reduce or oxidize in PEC operation.
However we demonstrated that by the choice of an appropriate organic material that a pho-
tocurrent in a direct Semiconductor-liquid Junction (SCLJ) conﬁguration can be extracted. We
choose the Poly(benzimidazobenzophenanthroline) (BBL) polymer for its exceptional stability
in water environment, high electron mobility and adequate band positions.
We overcome its poor solubility, which makes its thin ﬁlm processing difﬁcult, by using two
different solution-based techniques which are low energy demanding, safe and easy to scale
up. In particular the spray coating technique shows easier manipulation as well as producing
better morphology for PEC operations. This technique shows the formation of rough and
porous ﬁlms which enhance the charge harvesting. These ﬁlms were found to be stable,
without photo-degradation, in PEC conditions and to produce •OH. This was the ﬁrst time
that an organic material demonstrate a stable photocurrent for water photooxidation with a
direct contact with the electrolyte.
A ﬁrst Electrochemical Impedance Spectroscopy (EIS) analysis showed that the position of the
charge extraction process, attributed ﬁrst to a space-charge formation, was independent of
electrolyte pH. We related the increase of photocurrent with increase of pH to this effect. Fur-
ther characterization with Electrochemical Quartz Crystal Microbalance (EQCM) technique
demonstrated that instead of a space charge formation at the SCLJ, this process corresponds
rather to a charge building in the Helmholtz layer in response to the applied potential. We
make the hypothesis that this process inﬂuence the charge transport process in the BBL ﬁlm to
change between a charge delocalization transport and a charge hopping transport. Therefore,
the performance of the BBL photoanode can be optimized with the choice of electrolyte.
Finally the proof of concept was demonstrated with oxygen production using appropriate
overlayer.
Despite the successful demonstration and the investigation of several aspects of processes
governing the charge transport through this photoanode material, several challenges remain.
Mainly, improvement of the overall efﬁciency would be necessary. Two main possibilities to
enhance the performance can be suggested.
First to enhance the exciton splitting, hence to reduce the recombination rate, the formation
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of a p-n junction appears to be the next necessary step. This can be realized with the formation
of a layered, or a bulk heterojunction, ﬁlm of BBL coupled with a p-type material. For that
another stable material with appropriate energy band position is needed. A new polymeric
molecule could also be designed containing a BBL backbone and a p-type pendant group. In
both cases, the combination of a p-type material with BBL would form an electrical ﬁeld at
their interface which would separate excitons generated by light absorption.
The second possibility would be to favor the catalytic activity for the OER. Even if we demon-
strated that a Nickel-Cobalt catalyst can be used to enhance the production of oxygen, a
ﬁrst overlayer of TiO2 was necessary to prepare the ﬁlm surface. We tried during this work
to directly attach multiple catalysts on the BBL ﬁlm without any success. We believe that
the polymer surface chemistry prevents the attachment of the catalyst resulting in a poor
semiconductor/catalyst interface limiting the charge transfer. The next step would hence be to
study this BBL-catalyst interface. We think that the direct functionalization of the ﬁlm followed
by a molecular catalyst attachment would help to gain understanding. In this conﬁguration, a
direct covalent bond would ensure the good catalyst attachment, and charge transport could
be understood.
Finally we note that the production of oxygen in a PEC water splitting cell is not the key
objective. This step is known to be the limiting one as a total of four electrons is needed
for this reaction rather than two for the reduction site. However, hydrogen, evolving at the
photocathode, is the desired chemical compound. To couple this photocathode, for hydrogen
production, with a photoanode where an easier reaction is happening, through a one electron
transfer for example, would also be a possibility. For instance, the production of hydroxyl
radicals, detected in our case, can be used for the degradation of chemical compound. This
would associate fuel production and waste treatment in a single cell.
I don’t believe that a full organic device could achieve the performances necessary to be
developed as the commercial application due to the multiple conditions to fulﬁll. However I do
think that a device combining a metal oxide and an organic material can reach our "10:10:10"
target. This project paves the way for more detailed investigations of the inﬂuencing factors
and ultimately to higher performances with organic materials PEC cells.
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Acronyms
BBL Poly(benzimidazobenzophenanthroline)
CA Chronoamperometry
CPE Constant Phase Element
CV Cyclic Voltammetry
DSC Differential Scanning Calorimetry
EIS Electrochemical Impedance Spectroscopy
EQCM Electrochemical Quartz Crystal Microbalance
FTO Fluorine-doped Tin Oxide
HER Hydrogen Evolution Reaction
HOMO Highest Occupied Molecular Orbital
IPCE Incident Photon-to-current Efﬁciency
J-V Current density-Voltage
LSV Linear Sweep Voltammetry
LUMO Lowest Unoccupied Molecular Orbital
M-S Mott-Schottky
MALDI-TOF MS Matrix-assisted Laser Desorption/Ionization Time-of-ﬂight
Mass Spectrometer
MSA Methanesulfonic Acid
NHE Normal Hydrogen Electrode
OER Oxygen Evolution Reaction
OPV Organic Photovoltaic
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Acronyms
PDI Perylene Diimides
PEC Photoelectrochemical
PPA Polyphosphoric Acid
PV Photovoltaic
QCM Quartz Crystal Microbalance
RHE Reversible Hydrogen Electrode
SCLJ Semiconductor-liquid Junction
SEM Scanning Electron Microscopy
SFOE Swiss Federal Ofﬁce of Energy
SHE Standard Hydrogen Electrode
STH Solar-to-Hydrogen
TEM Transmission Electron Microscopy
TGA Thermogravimetric analysis
UV Ultraviolet
UV-vis Ultraviolet-visible Light
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